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FOREWORD 

A s  a major pa r t  of the Apollo Lunar Laser Ranging Experiment 
i t  was e s s e n t i a l  t o  design and guide the construction of corner re- 
f l e c t o r  arrays  which would give sa t i s f ac to ry  op t i ca l  performance a t  
a l l  times during the extreme thermal conditions encountered on t h e  
moon's surf,ace. The respons ib i l i ty  f o r  t h i s  work was carr ied by the 
University of Maryland as the i n s t i t u t i o n  of the  Pr incipal  Investiga- 
t o r ,  C. 0. Alley. Other key personnel a t  Maryland who made major 
contributions were par t ic ipa t ing  s c i e n t i s t s  D. G. Currie, Ren-Fang 
Chang, S . K. Poultney, and' Project-  Engineer H. Kriemelmeyer. Among 
the group of co-investigators, J. E. Fa l l e r  of Wesleyan University 
contributed importantly to ear ly  design concepts and thermal analyses 
and par t ic ipa ted  i n  the supervision of contractors.  The other co-
i n v e s t i g a t o r ~  were: P. L. Bender (National Bureau of Standards and 
University of Colorado), R. H. Dicke (Princeton University), W. M. Kaula 
(University of California a t  Los Angeles), G .  J. F. MacDonald (Council 
on Environmental Quali ty),  J. D .  Mulholland ( Je t  Propulsion Laboratory), 
H. H. Plotkin (Goddard Space Fl ight  Center) and D. T.  Iqilkinson (Prince- 
.. 
- t o n  University) . ' 
We wish t o  acknowledge the excel lent  work of the major i n d u s t r i a l  
contractors  who have par t ic ipated i n  t h i s  program. These include the 
Perkin-Elmer Company, the  Arthur D. L i t t l e  Company, and the Bendix 
Aerospace Corporation. Specific individuals and contributions a r e  
discussed i n  the  report  and the appendixes.. 
The ac t ive  support of many individuals of the National Aeronautics 
and Space Administration has been e s sen t i a l  t o  the  successful  completion 
of t h i s  work. We IJ'iish t o  thank pa r t i cu l a r ly  D r .  Harvey Hall ,  scj.entif;ic 
adv i s e r  t o  t h e  Manned Space P l i g h t  Experinients Board, D r .  Urner Liddel ,  
M r .  Richard Green and Mr. Edward Davin of t h e  Lunar Explora t ion  Of f i ce ,  
M r .  A .  J . .Cal io  and Mr. Ausley Carraway of t h e  Science and Appl ica t ions  
D i r e c t o r a t e  of  t h e  Manned Spacecraf t  Center ,  and i n  more r e c en t  t i m e s ,  
M r .  Richard Johnston.of  t h e  Apollo Spacecraf t  O f f i c e .  
I. SUP@IARY 

This report  describes the accompl.is11ments of the University of 
Maryland, a s  the  pr inc ipa l  inves t iga tor  i n s t i t u t i o n ,  and i t s  subcontrac-
t o r s  i n  the  research and development t ha t  has produced the successful  
I 
3,Apollo Laser Ranging Retro-Rer'lectors (LR s ) .  The place of t h i s  a c t i v i t y  
i n  t he  o v e r a l l  developinent of the  Apollo Lunar Laser Ranging E?:periment 
3i s  a l so  b r i e f l y  presented. The performance of the  LR 's i n  the lunar 
environment can only be assessed through the ground instrumentation 
p a r t  of the  experiment f o r  which the U ~ ~ i v e r s i t y  of Maryland a l so  carr ied 
a major i n i t i a l  design and development respons ib i l i ty .  
3The performance of t he  Apollo 11and Apollo 1 4  LR 's i s  e n t i r e l y  
s a t i s f ac to ry  and seems t o  be i n  accordance with the design parameters 
within the l i m i t s  of the  a b i l i t y  to  measure t h e i r  r e f l e c t i v i t y  (within 
a f ac to r  of 2 o r  3).  There has a s  ye t  been no NASA support t o  develop I 
t he  instrunlentation t o  measure khe atmospheric seeing so a s  t o  provide 
I 
I 
a more accurate monitoring of the  r e f l e c t i v i t y .  One cannot ru l e  out a 
possible  degradation of r e f l ec to r  performance produced by dust and debr i s  
generated during the l i f t - o f f  of the Lbf ascent s tage.  
3There i s  some preliminary information t h a t  the Apollo 14 LR may 
have been degraded during l i f t - o f f  s ince  i t  was possible to  get l a s e r  
pulse re turns  from i t  both before and a f t e r  t h l s  event. There i s  not 
' y e t  s u f f i c i e n t  information from a se r i e s  of ranging operation to  say 
t h i s  with assurance, however. 
There i s  no evidence tha t  the r e f l e c t i v i t y  of t he  Apollo 11CR 
is decreasing with time within the present l i m f  ts of our a b i l i t y  t o  
measure i t .  
3 
Pollorging the Introduction,  the report  i s  divided i n t o  sect ions  
on Optical  Design, Thermal and Mechanical Design, Testing of Optical 
Performance i n  Simulated Lunar Environment, and Performance on the
. 
Moon. he deta i led  discussion of these topics  i s  contained i n  ~ ub l i s h e d  
papers;technical  reports ,  and contractor reports  which a r e  included 
with t h i s  f i n a l  report  as  appendixes. 
11, INTRODUCTION 
A.  Backpround 
To place the work performed under t he  present contract  i n  proper 
context a b r i e f  h i s t o r y  of the  development of the Lunar 1;aser Ranging 
Experiment w i l l  be. given. 
The concept of placing op t i ca l  corner r e f l ec to r s  on ea r th  s a t e l l i t e s  
was discussed shor t ly  a f t e r  the  f i r s t  Russian Sputnik among m~mbers of 
the  grav i ta t iona l  research group of Professor R. I?. Dicke a t  Princeton 
University. A paper showing the f e a s i b i l i t y  of observing such s a t e l l i t e s  
i n  near ear th  o r b i t  with searchl ight  i l lumination was wr i t ten  f o r  t he  
group by Hoffman, Krotkov, and Dicke.' When the Soviet Union succeeded 
i n  impacting a rocket on the moon there  were discussions 1.7ithin the above 
group of the  po s s i b i l i t i e s  of providing an op t i ca l  reference spot  on the 
moon. This poss ib i l i t y  took on more r e a l i t y  i n  1960 and 1961 with the 
experimental rea l iza t ion  of the l a s e r  and, . in  particula,:, the  develop- 
ment of the  t e c l ~ n i ~ u e  "Q-switchingr' t o  proeide very shor t  burs t s  of of 
highly co l l i i a t ed  l i g h t .  The developme~lt o f '  the  technique of l a s e r  rang- 
ing to  corner r e f l ec to r  equipped a r t i f i c i a l  s a t e l l i t e s  xias undertalcen 
by H. H. Plotlcin and the  Optical  Systems Branch of the  Goddard Space 
2.Fl igh t  Center. 
.In 1962 plans were made i n  several  places t o  ac tua l ly  de tec t  l a s e r  
pulses bounced of f  the surface of the  moon.3 Successf"1 detect ion was 
achieved by groups i n  the  U.S.4 and i n  the U S S ~ I ~ .I n  the summer of 1964 
the development of space engineering and the planning f o r  lunar missions 
had reached such a s tage t h a t  a paper was wr i t ten  pointing out the  
I 
de s i r a b i l i t y  of placing a su i tab ly  designed op t i ca l  corner r e f l ec to r  on 
6the  moon. 
I n  the  f a l l  of 1964 discussions were held by some of the  authors 
of '  t h i s  paper with Nr. Benjamin Milwitzlcy, d i rec tor  of the Surveyor 
I 
program, and with other  NASA o f f i c i a l s  i n  an e f f o r t  t o  have RASA develop 
s u i t ab l e  r e f l e c t o r s  f o r  lunar  emplacement by the Surveyors. 
I n  t h e  spr ing of 1965, i t  was suggested by M r .  Milwitzky tha t  the  
b e s t  way t o  proceed would be t o  submit a proposal from a group outs ide 
NASA wi l l i ng  fo accept respons ib i l i ty  f o r  t he  development of a lunar  
l a s e r  beam re f l ec to r .  A t  a meeting of the  NASA Physics Committee i n  
May, 1965 t h i s  approach was endorsed by D r .  Bomer Newell, Associate 
Administrator f o r  Space Science and Applications, D r .  John Naugle, the  
Deputy Associate Administrator f o r  Space Science, and by D r .  Urner Liddel, 
Secretary of t he  Physics Co&itte& and Chairman of the  Lunar and Plane- 
I 
toiogy Subcommittee. The author of t h i s  report  agreed t o  accept respon- 
I 
s i b i l i t y  a s  p r inc ipa l  inves t iga tor  and with the ac t ive  help of t he  co-
inves t iga to r s  l i s t e d  i n  the  Foreword and Prof.. Dirk Brouwer of Yale 
un ivers i ty ,  l a t e r  deceased, a de ta i led  proposal rqas developed during 
the  summer and f a l l  of 1965 on the  s c i e n t i f i c  importance of p rec ise  point  
t o  point  earth-moon dis tance measurements. Specif ic  experimental approaches 
f o r  both the  lunar and ground instrumentation were a l so  given. This pro- 
7posal  was submitted from the University of Maryland i n  December, 1965. 
Following reviews by the  Lunar and Planetology and by the Astronomy 
subcommittees, a grant of $60,000 was established a t  the University of 
Haryland i n  July,  1966. This iias used t o  t e s t  t he  op t i ca l  performance 
of so l id  fused s i l i c a  corner r e f l e c t o r s  i n  a simulated lunar environment 
a s  had been proposed. The t e s t  f a c i l i t i e s  of  t h e  Goddard Space P l i g h t  
Center  were used and t h e  a s s i s t a n c e  of t h e  Perkin-Elmer Company was 
ob ta ined  in ' suppor t  of t h e  exper imenta l  a c t i v i t y .  The main f e a t u r e s  
of  t h e  proposed des ign  were confirmed i n  October,.1966 bu t  s i g n i f i c a n t  
8
problems were exposed. These a r e  d iscussed  i n  l a t e r  s e c t i on s .  
I n  January,  1967, a second supplement t o  t h e  o r i g i n a l  p roposa l  
was prepared ,  updat ing t h e  e n t i r e  d i scuss ion  of  t h e  t o t a l  experiment.  
A b r i e f  f i r s t  supplement had been prepared i n  t h e  summer of 1966. There 
rvas f u r t h e r  rkvierv of t h e  proposa l  by NASA s c i e n t i f i c  subcommittees, 
w i th  a r e s u l t i n g  assignment t o  C a t e g o~ y  I. 
During t h e  s p r i n g  of  1967 when an increment of  $40,000 w a s  pro-
v ided  f o r  experiment d e f i n i t i o n ,  sma l l  s tudy c on t r a c t s  were e s t ab l i s hed  
w i t h  i ndu s t r y .  The Ar thur  D. L i t t l e  Company was asked t o  p rov ide  
. . 
engineer ing  a s s i s t a n c e  i n  t h e  thermal-mechanical problem o f  mounting 
t h e  corner  re f l .ec tors  s o  a s  t o  keep t h e  temperature g r ad i en t s  s u i t a b l y  
sma l l  dur ing  s u n l i t  cond i t ions .  The Bendix Aerospace Corporat ion Mas 
asked t o  examine t h e  problems of  i n t e g r a t i n g  t h e  r e f l e c t o r  package i n t o  
t h e  Apollo Lunar Surface  Experiments Package (ALSEP) . The r e s u l t s  of 
t h e s e  s t u d i e s  were used t o  p repa re  t h e  NASA 1346 Form: Experiment Pro- 
po s a l  f o r  Manned Space F l i g h t .  The Manned Space f l igh t  Experiments 
Board approved t h e  experiment i n  June,  1967 f o r  t h e  e a r l i e s t  p o s s i b l e  
Apollo moon landing .  
B. Major Cont rac tua l  A c t i v i t i e s  
I n t e r a c t i o n  wi th  personnel  a t  t h e  Manned Spacec ra f t  Center  began 
i n  May, 1967 i n  a n t i c i p a t i o n  of  f avorab le  a c t i o n  by t h e  MSFEB. Discus-' 
s i o n s  continued dur ing  t h e  summer and f a l l  of 1967. Subsequent high- 
l i g h t s  a r e  shorm i n  t h e  fo l lowing t a b l e s .  
L a t e  1967 	 Request f o r  proposa l  r ece ived  from 
Manned Spacecraf t  Center .  
Dec. 1967 	 Proposa l  i n  response t o  R$P submit ted .  
Feb. 1967 	 Cont rac t  n e g o t i a t i o n .  
May 1 7 ,  1968 	 Cont rac t  awarded. 
Sep t .  - Oct.  F i n a l  d e c i s i o n  made by NASA t o  complete hardvare  
1968 f o r  Apollo 11 emplacement a s  part '  o f  Ea r ly  
Apollo S c i e n t i f i c  Experiments Package. 
Ju ly  20, 1969 . 	 Laser  Ranging Retro-Reflector  p laced 'on  moon by 
Ast ronauts  N e i l  Armstrong and Edwin Ald r in .  
The LR 3 i s  t h e  on ly  remaining o p e r a t i o n a l  
exper iment  from Apollo 11. 
3Feb. 5 ,  1971 	 LR p laced  on moon by i p o l l o  1 4  ~ s t r o n a u t s  
A. Sheppard and E. > f i t c h e l l .  Success fu l  range 
' measurments b e f o r e  and a f t e r  l i f t - o f f .  
-. 
Principal U n i v e r s i t y  of Maryland Subcontracts :  
Ar thur  D. L i t t l e  
Aug. 6., 1 9 6 8 .  P.O.. 210900 $71,313 Analys is  of  Thermal Cont ro l  Designs 
f o r  Retro-Reflector  Array 
Dec. 18, 1969 P.O. 240495 95,000 Thermal-Optical Analys is  and T e s t i n g  
P e r k i n  Elmer Company 
Oct. 1 4 ,  1968 q.0. 2T7032 30,500 Procurement o f . 9 5  b locks  of  Amersil  
S u p r a - S i l  1. Perform index of r e f r a c t i o n  
. . . ... . . 
and homogeneity 
Dynasi l  
t e s t s  of samples of 
. . 
Nov. 1 4 ,  1968 P.O. 2x8344 35,075 Procurement of 66 each,  41  mm cubes of  
Supra S i l  I and 120 t e s t  r e t r o - r e f l e c t o r s  
Feb. 1 4 ,  1969 P.O. 218350 295,930 F a b r i c a t i o n  of  330 r e t r o - r e f l e c t o r s  
120 f l i g h t  o p t i c a l  " I ,  
100 t e s t  o p t i c a l  . " I t  
110 r e s i d u a l  r e t r o - r e f ; ( f l i g h t  q u a l i t y )  
Nov. 11, 1969 P.O. 238410 85,760 Completion of  f a b r i c a t i o n  of 80 f l i g h t  
q u a i i t y  r e t r o - r e f l e c t o r s  -
Nov. 11, 1969 P.O. 238411 26,520 Manufacture 20 f l i g h t  q u a l i t y  r e t r o -  
r e f l e c t o r s  from r e s i d u a l  m a t e r i a l  
Nesleyan U n i v e r s i t y  
Nov. 1 8 ,  1968 P.O. 218996 27,144 Suppqrt of  Co- inves t iga tor  J. E. F a l l e r  
Arthur D. Lic t l e ,  Inc.  mas placed under contract  to  us  t o  pro- 
v ide  engineering stuciies of t he  performance of a re t ro- re f lec tor  i n  the  
lunar enviroim~ent, and to  propo 1e designs which would allow continuous 
use of a r e f l e c t o r  placed on the lunar surface.  This e f f o r t  resu l ted  
i n  t he  general  design of the  a r ray  t r ay  used i n  Apollo 11 and Apollo 14 
and planned f o r  Apollo 15. Specif ic  design Tias accomplished under a 
program with Bendix Aerospace and under our continuing' technical  super- 
vision. '  The ADL 'subcontract under t h t s  contract  was formally es tabl ished 
'August 16,  1968, but  a - l a r g e  amount of work preceded t h i s  date .  
The Perlcin Elmer Comp2ny was selected f o r  the  manufacture of 
f l i g h t  qua]-ity re t ro- re f lec tors .  They had, over t he  several  p r i o r  
years,  provided technical  informhtion and ass i s ted  us i n  preliminary 
t e s t s  and ana lys i s .  They had confidence i n  t h e i r  o m  a b i l i t y  t o  produce 
I 
op t i c z i  re r ro- re f iec tors  of t he  required accuracy within zhe shor t  pericci 
1 
I 
of time ava i lab le  because of a proprie tary manufacturing process developed 
pa r t l y  i n  an t ic ipa t ion  of t h i s  program. The University of Maryland s t a f f  
~roxlced i n  cbmplete open exposure t o  Perkin Elmer and t h e i r  problems. . 
We cont inual iy  monitored t h e i r  progress and advised on t h e i r  problems. 
A l l  goals 1.7ere met, and the  l a r g e  number of Apollo 11 f l i g h t  r e f l e c t o r s  
were delivered i n  adequate time, of higher than specif ied qua l i ty ,  and 
under budget. I n  order t o  expedite act ions  i.n the  face  of slow o f f i c i a l  
NASA decisions,  it was necessary t o  award the s e r i e s  of subcontracts t o  
.Perl:in. Elmer a s  l i s t e d  above. I n  some cases, e a r l i e r  commitment was made 
but l a t e  forlnal MSC approval delayed a f i m  award u n t i l  the date  given. 
An earnes t  compliment must be paid t o  the  management and technical  . 
s t o f t s  of both the Perlcin Elmer Company and lirtliur D. Litt l .e,  Inc. Once 
a commitment was made t o  get the LRRR ready f o r  the Apollo 11 f l i g h t ,  
t h e  stringen: time schedule end date was readi ly  apparent. Both 
companies were responsive and bagan vigorous work based upon the assur-
ances of the  University of Maryland tha t  contractural  coverage would 
be forthcoming from MSC. Had t h i s  not been the case, several  c r i t i c a l  
months would have been l o s t ,  and with tha t  the  a b i l i t y  t o  complete the  
LRRR f o r  Apollo 11would have been sacr i f iced .  
The t o t a l  cost  of the  above subcontracts, and including support 
f o r  Professor Fa l l e r  a t  gesleyan University, was<about $655,000. These 
have been processed without a markup'or loading of any type. This act ion 
has  saved the government the  standard indus t r i a l  loadings (18% G&A, 7% 
p r o f i t )  of about $163,000. Further, the University of Maryland has 
contributed s ign i f i can t ly  to  the  s t a b i l i t y  and successful  conclusion 
of t h i s  program by allowing d e f i c i t  financing a t  i t s  l i a b i l i t y  during 
times of funding gaps. A t  times t h i s  l i a b i l i t y  exceeded $50,000. A l l  
d e f i c i t  costs  have been properly recovered. 
Certain personnel have been made avai lable  t o  t h i s  program i n  
proportion of time much greater  than tha t  d i r ec t ly  charged. Additionally, 
non-governmental f a c i l i t i e s  have been u t i l i z ed  during the appl icat ion 
of t h i s  program a t  no cost  t o  NASA. This benef i t  exceeded a t o t a l  of 
$45,000 during t h i s  period of performance. 
C.  Major Sc i en t i f i c  and Technical Act iv i t i es  
These have consisted of theore t ica l  and experimental s tud ies  of 
t he  op t i ca l  proper t ies  of t o t a l l y  i n t e rna l ly  r e f l ec t ing  corner re f lec tors ;  
of the e f f e c t s  of fabr tca t ion  e r ro r s  and temperature gradients on these 
. . 
propert ies ;  and of methods of mounting the so l id  fused s i l i c a  corner 
r e f l ec to r s  to  provide passive control  of temperature gradients during 
the periods when the  r e f l ec to r  array i s  s u n l i t .  The work. has-been a 
continuation of t ha t  described i n  sect ion I1 A above. 
New and f i rm knowledge has been developed i n  these a reas  which 
has allowed the s e t t i ng  of r e a l i s t i c  specif icat ions  of corner r e f l e c t o r  
proper t ies  f o r  procurement, and a bas i s  f o r  se lec t ion  and guidance of 
t he  fabr ica t ion  contractors.  This knowledge has a l so  been e s s en t i a l  
t o  the  of the engineering design work on the mounting of 
individual  corners and the construction of the  e n t i r e  array.  It a l so  
J
provides a bas i s  f o r  assessment of the  performance of the  LR i n  the  
lunar  environment. 
More d e t a i l  about these a c t i v i t i e s  i s  given i n  t he  remaining 
sect ions  of t h i s  repor t .  
It should be noted t h a t  the  overa l l  lunar ranging experiment was 
conceived from the ou tse t  a s  a unified combiliation of both the lunar 
and ground instrumentation. Work i n  the l a t t e r  area  .contin"ed a t  Mary- 
land under support from NASA Headquarters and was e s sen t i a l  i n  specifying 
3
the op t i ca l  performance required of the  LR f o r  use by our owm group 
a s  wel l  as  by other groups. 
111. OPTICAL DESIGN 

I n  the summer of 1965 a number of possible design concepts were 
examined by several  of the invest igators  i n  cooperation with members of 
the  research and engineering groups of the Perkin Elmer Company. l%e 
principal.-investigator had received the f u l l  and en thus ias t ic  cooperation 
of the  Yerkin Elmer Director of Research, John Atruood, who brought i n  Paul 
Forman of the  op t i ca l  operations divis ion and Harold Hemstreet of the 
space engineering divis ion.  The complete technical  information on op t i ca l  
p roper t ies  of mater ia ls  and fabr ica t ion  techniques knorm t o  Perlcin Elmer 
was made ava i lab le  t o  us. A number of spec i f i c  approaches were developed 
by both Perkin Elmer and the invest igator  gr.oup. These were considered 
and the  most promising design consist ing of small s o l i d  fused s i l i c a  
r e f l e c t o r s  was selected to  be e x p l i c i t l y  proposed t o  NASA. This was 
..+.-A ,&en xp i n  a;z appezdix. t o  our c r i g i n s l  pxoposal by J. E. $a l l c r  wko 
a l so  made an impor tan t . in i t i a1  thermal analysis  based on op t i ca l  data  
. . 
on volume absorption of sunl ight  supplied by Perkin Elmer. This suggested 
t h a t  smal l ' so l id  r e f l e c t o r s  would not  be appreciably d i s tor ted  op t i ca l ly  
i n  d i r e c t  sun l igh t .  
An ana ly t i ca l  study of the  de ta i led  d i f f r ac t ion  pa t te rns  of cor-
ne r  r e f l e c t o r s  was begun a l so  i n  the  summer of 1965 by R.  F. Chang, D .  G. 
Currie,  M, F. Pittman and C. 0.  Alley. This considered the case of t o t a l  
internal. r e f l ec t ion  vrhich had never been carefu1l.y analyzed i n  the  scien- 
t i f i c  l i t e r a t u r e ;  This proved' invaluable tihen the t e s t  program conducted 
during the summer of 3.966 demonstrated tha t  one could not  use metallized 
back surfaces due t o  t h e i r  high absorption of-' sunl ight  and resu l t ing  
d i s t o r t i on  of the op t i ca l  d i f f r ac t ion  pa t te rn .  This work, which was 
extended during the course of t h i s  contract:  appears here i n  Appendix 1. 
It w i l l  appear a s  a paper i n  the Journal of the  Optical  Society of 
America i n  Apri l ,  1971. 
Other s tud ies  of r e f l e c t o r  proper t ies  conducted under t h i s  
cont rac t  a r e  assembled i n  the  appendixes. These are: 
Appendix 2 Effects  of $lul t iple  Reflections on the Par Field  Diffract ion 
. Pat te rn  of a Corner Reflector,  R. F. Chang 
Appendix 3 Numerical Ray Trace Analysis f o r  Diffract ion Central  
I r radiance of a Retroref lector  f o r  Ogf-Axis Incidence of 
Light, R. F. Chang 
Appendix 4 The Possible Fai lure  of Total  Reflection i n  an Uncoated Solid 
Retroref lector  - R. F. Chang 
Appendix 5 Test Report on the  Optical  Quality of Three 1-1/2" Retro-
Reflectors,  R. F. Chang and N. J.  Sca t t  
! 
Lppend2x 6 	Experimental Studi.es en the Central i r radiance of Diffracticii 
Pa t te rn  of Retro-Reflectors f o r  Off-Axis Incidence of Light, 
R. F. Chang and W .  J. Scott  
Appendix 7 Effects  of Small Angular Errors  i n  Retro-reflectors on the 
Far Field  Diffract ion Pa t te rn ,  R. F. Chang 
A l l  of these s tud ies  a r e  avai lable  separately  as  ~ e c h n i c a l  Reports 
, .
. . 
2nd the mater ia l  w i l l  be published i n  several  papers. No summary w i l l  
be given here s ince  each appendix contains an abs t rac t  t o  which the 
in t e r e s t ed  reader i s  referred.  
Attention i s  cal led t o  the  discovery of the  extreme s en s i t i v i t y  
-
of the cen t r a l  i r radiance t o  the  angle between the e l ec t r i c .+ec to r  and 
the corner edge f o r  corners with small angular e r ro r s  discussed i n  
Appendixes 6 and 7 .  However, s ince  the e f f e c t  i s  .sinusoidal. i n  t h i s  
. -
, : angle ,  and s ince the lunar corners a r e  arranged randomly (moduio 120°) 
t he  e f f e c t  will .average out over the  100 comer  r e f l e c t o r s  i n  t he  Apollo 11 
and 14 packages. 
There has been f u l l  co~lfirmation i n  the  laboratory of the 
t heo re t i ca l  analyses. However, due t o  slow funding of the program as  
discussed i n  sect ion I1 B above, much of the  exp l i c i t  design of the  lunar  
package f o r  Apollo 11was based on the ana ly t ica l  work. Because of the 
need t o  proceed rapidly with the development of the Apollo 11hardware 
3due t o  t h e  l a t e  decision t o  f l y  the LR , i t  was not possible  t o  take 
advantage of a l l  of the  knowledge available.  For example, the  rapid 
off-axis f a l l  off  of recessed c i r cu l a r  corner r e f l e c t o r s  a s  calculated 
i n  Appendix 3 ,  showed the  d e s i r ab i l i t y  of increasing the f l a r e  of the  
r e t a ine r  r i ng  t o  allow f o r  unvignetted use of the  r e f l e c t o r s  out t o  the  
most frequent l i b r a t i on  angle. The s t r ingent  fabr ica t ion  scdedule did 
no t  allow t h i s  t o  be done. However, t he  sockets f o r  the  Apollo 14 and 
15 had t h e  f l a r e  increased t o  7.5' a s  contrasted with the f l a r e  of 1.5" 
f o r  Apollo 11. 
The vas t ly  improved off-axis performance f o r  t r i angular  f ron t  
face  r e f l e c t o r s  was a l so  lcnorm but because of the  more d i f f i c u l t  mount- 
.. 
ing  and thermal control  problems t h i s  geometry was not  used. 
3 .  
. It i s  of i n t e r e s t  t o  contras t  our approach to  t he  op t i ca l  design 
of the LR w ~ t h  tha t  of the French, s ince  a French made array of 1.4 corner 
. . 
r e f l e c t o r s  was attached t o  the Soviet  Lunolcl~od on Luna 17. They designed 
-
t h e i r  re f  l e c t o r  t o  perform only during lunar n igh t .  Consequently the  d i f f i -  
c u l t  thermal problems of assuring perfouma~~ce during s u n l i t  periods were 
not addressed. They v7ere thus able t o  use metallized back surfaces,  with 
the accompanying increase i n  cen t r a l  i r radiance of about a fac tor  of 4 over 
. the  uncoated case, t o  make the reflectors.somewhat 1arger.and with 

t r iangular  f ron t  faces ,  and t o  mount them without recessing. This 

produces an on-axis performance about 2 1 /2  times greater  than our 

design and an off-axis performance several  times grea te r  a s  can be 

seen from Figures 19 and 20 i n  Appendix 3 .  However the  s a c r i f i c e  of 

range data during lunar  days is a major s c i e n t i f i c  loss .  

The cen t r a l  i r rad iance  i n  the  f a r  f i e l d  from a corner r e f l e c t o r  
i s  proportional t o  the square bf i t s  area,  o r - t o  the  fourth power of 
)its diameter a s  shown i n  Appendix 1 and Appendix 3; Therefore a small 
increase i n  s i z e  can have a la;ge e f f e c t .  Due t o  the  in te rmi t ten t  fund- 
3ing of the  development of the LR experiment as  discussed i n  sec t ion  I1 
above it  was not possible  t o  design and t e s t  mounticg t o  explore t he  use 
of l a rge r  corner r e f l e c t o r s  while s t i l l  keeping the temperature gradients 
su f f i c i en t ly  small t o  allow adequate op t i ca l  performance during lunar day. 
The design sen t  to  the  modn was based on the corner s i z e  which had been 
experimentally tes ted  and shown to  perform adequately under on-axis . 
.. 
simulated s o l a r  rad ia t ion .  It seems l i k e l y  t ha t  su i t ab l e  mountings f o r  
l a rger  r e f l e c t o r s  could be developed. 
IV. TI~E~?E^S^SL-IEC!~~~ICALDESIGN 

The major problem-that had t o  be sol-ved i n  order t o  allor? 
11early d i f f r ac t ion  l imited performance of the refl.cctor array a t a l l  
times i n  the  lunar  environmctlt was the following. The t es t s 'done  i n  
the  sulunter of 1.966 shoved t h a t  one could not use a metal coating on 
the back planes of tlie so l id  r e f l e c t o r s  because of thermally induced 
di&ortions a s  discussed i n  sec t ion  I11 above. It was therefore 
hecessary t o  use t o t a l  i n t e rna l  refl.ection. However f o r  off-axis 
angles of incidence beyond a cer ta in  value (which depends on the 
azimuth angle of the  corner r e f l ec to r  - see Appendix 4) t o t a l  i n t e rna l  
ref]-ection f a i l s .  The s o l a r  rad ia t ion  can then be transmitted through 
the r e f l e c t o r  and w i l l  be  deposited behind the fused s i l i c a  r e f l ec to r s .  
This energy must be reradiated from the a r ray  s t ruc tu re  without produc- 
ing tenperature gradients of more than a few degrees across the corner 
r e f l ec to r s .  Otherwise, even with' the  1 0 ~ 7temperature coef f ic ien t  of 
expansion 0.f fused s i l i c a ,  ut~acceptable op t i ca l  d-istortions w i l l  r e s u l t .  
. . 
The s c i e n t i f i c  resu1.r~ from the  ex~er-iiltnlt depend on there  betng no 
systematic gaps i n  the  range data associated with the phase of the  moon, 
s ince  an analysis  is made of the  range time s e r i e s  f o r  various frequency 
components ili'-the earth-moon system. 
The need t o  solve t h i s  problem of mounting i f  one were to  con-
t inue t o  use slnall solid '  r e f l ec to r s ,  ~.ihich had been s11or.m t o  work fo r  
sun angles near normal incidence, becsm~ c l ea r  i n  t h e . f a l 1  of 1966.  
Becausc of the outsl:anding reputation of the  engineering physics divi-  
sioli a t  ~rthu;: U, L i t t l e ,  T.nc., under 'eter Glaser, f o r  coupled t h e t ~ r i l -  
mcclianical design accompli.c,hsents .jn s p ~ c einstrumentation, r?c sel.ected 
3 
them to  provide 'engineering help i n  solving the  problem. The successful  
outcome of t he  design e f f o r t  i s  demonstrated by t h e  performance.of the  
LR 's on the moon. The s tud ie s  done a t  A. D. L i t t l e ,  Inc.  under our 
I 
I
guidance t h a t  l e d  t o  t h i s  r e s u l t  a r e  assembled i n  Appendix 8 and w i l l  
not  be summarized here. 
Some mater ia l  on the  successful  f i n a l  design i s  given i n . t h e  
Apollo 11Science Report which i s  reproduced i n  Appendix 10. The approach 
was t o  l i g h t l y  mount t h e  r e f l ec to r s  between t e f lon  r ings  ac t ing  on 
tapered tabs  project ing from the r e f l e c t o r s ,  each comer  being recessed 
by about one-half of i t s  3.8 cm diameter i n  a cy l indr ica l  cavity i n  an 
aluminum block. I n  providing the ac tua l  lunar  hardware, A. D. L i t t l e ,  
Inc.  was under contract  t o  the Bendix Aerospace Company, and reference 
i s  made t o  the  report ,  Laser Ranging Retro-Reflector Array f o r  the  Early 
IApollo Sc i en t i f i c  Zxperiments Package made by A. D. L i t t l e  to  IJer.dSx, 
June 30, 1969, f o r  d e t a i l s  on the  fabr icLt ion.  
Although the University of Maryland group and the co-investiga- 
t o r s  s t rongly recommended tha t  an ac t ive  experimental op t i ca l  t e s t i ng  
program accompany the thermal-hechanical mounting design srudies ,  t h i s  
was not a l lo~red  by NASA i n  time t o  influence the design of the  Apollo 11 
3
.LR . However such s tud ies  were authorized i n  the  f a l l  of 1969 and a 
subcontract was established with A. D. L i t t l e ,  Inc.  The experjmental 
techniques were based on those developed by us i n  the  i n i t i a l  t e s t  pro- 
gram during the summer of 1966 and much equipment was l en t  t o  A. D .  L i t t l e .  
The purpose of undertaking a new t e s t  program was to  examine the 
performance of the  ac tua l  mounting -used on the moon (a f l a r e  of 6' was 
adopted) t o  subs tan t ia te  the  ana ly t ica l  methods used t o  pred ic t  t he  
.. . 
op t i c a l  performance .(see Appendix 8) during the f a i l u r e  of t o t a l  i n t e r n a l  
r e f l ec t ion .  Although the r e a l  t e s t  of the  design has been i t s  success-
f u l  performance i n  t he  actual . lunar  environment, no provision has been 
. 	 made a s  yet' f o r  monitoring the r e f l e c t i v i t y  to  b e t t e r  than a f ac to r  of 
2 o r  3 using the ground ranging equipment. (To do b e t t e r  w i l l  require  
t he  measurement of the  atmospheric "seeing" and other parameters not 
needed f o r  time of f l i g h t  measurements.) Thus carefu l  simulated labora- 
to'ry measurements a r e  important i n  checlcing on the design methods t o  
a id  i n  optimization of fu ture  designs and t o  ailow a b e t t e r  assessment 
of performance when the "seeing" and other parameters a r e  measured. 
Such measurements could information on long term degradation 
of the r e f l ec to r s  i n  thc lunar  environmeilt. 
The r e su l t s  of the  t e s t  program and the desc.ription of the  
instrumentation and procedures ai:e presented i n  Appmldix 9 .  The 
general conclusion i s  tha t  of reasonable agreement ~ i i t h  the  analysis  
although there  a r e  some distur!,$ng dissrepandies between predicted and 
measured temperatures and betr.reen predicted and measured cen t r a l  
i r radiances  i n  the  t o t a l  i n t e rna l  r e f l ec t ion  brealcthrough region of 
off-axis angles. The s i t ua t ion  i s  fur ther  complicated by the polariza- 
. . 
t i on  e f f e c t s  i n  corners 1.7ith.small e r ro r s  discussed i n  Appendix 5. For 
the d e t a i l s ,  the  reader i s  re fe r red  t o  the report  from A. D .  L i t t l e  
i n  Appendix 9. 
V I .  PERPORMAXCB THE NOONON
This topic  requires  a discussion of the.ground s t a t i o n  ins t ru-  
mentation and of the s c i e n t i f i c  aims of the  experiment. Such a discus-
s ion  was given i n  the  Apollo .11 Preliminary Science Report.r711ich i s  
included i n  t h i s  repor t  a s  Appendix 10. Also included is the report  
t o  the Apollo 11~ u n a rScience Conference i n  January 1970 ( l a t e r  
published i n  Science) on Apollo 11and the report  to  the  Second Apollo 
Lunar Science Conference i n  January 1971. as  Appendix 12. These show 
3 .tha t  the  Apollo 11LR 1s performing i n  agreement with i t s  design within 
our present a b i l i t y  t o  measure and tha t  the  s c i e n t i f i c  aims of the  ex-
.periment a r e  be-ing real ized.  
3The Apollo 1 4  LR which was deployed on February 5 ,  1971 is 
a l so  performing well .  I n . t h i s  case it was possible t o  obtain r e f l ec t ed  
s igna ls  at  the McDonald Observatory before the li-ft-off of the L14 from 
t h e  lunar surface.  ( In  the  case of &pollo 11, the moon was low i n  t he  
sky a t  t he  time of deployment f o r  the  continental  U. S. and there  was 
no subsequent opportunity f o r  ranging before l i f t - o f f .  A strenuous 
3
e f f o r t  was made t o  acquire the  LR from the  b i t - Ha1eal:ala Observatory 

of t he  Univel-sity of Michigan i n  Hawaii but  t h i s  rras not successful.) 

3Thjs ear ly  acq r i s i t i on  of the  Apollo 1 4  LR has provided a ca l ib ra t ion  
point  a s  t o  possible  degradation by dust. o r  debris  during l i f t - o f f ,  

3

and information 011 such possible degradation of the Apollo 11LR s ince  
the  predicted op t i ca l  perfomance of the  two L R ~ ' sis  sin:ilar. Let us 
quote.from the monthly repor t  of Er ic  Silverbere,  Project  Sc i en t i s t  f o r  
the  ranging operations of the  Lunar Laser Ranging Experiment Team a t  

the  IfcDonald Observatory: 

Apollo 14 .Acquisition: The minute t ha t  the 1.07" te les -  
cope cleared the obstruction created by i t s ~ i e r s ,  (5:45 Phf) 
we began to  range on the Apollo 1 4  s i t e .  About 600 shots 
and 75 minutes l a t e r  wc had acquired about 25 photoelectrons 
and had the s i tuat iol l  well  i n  hand. (The acquition could 
have been made considerably sooncr but a slip-up i n  c r a t e r  
ident i f icat5on by the project  s c i e n t i s t  caused the r e t i c l e  
t o  be d ram about 2 a r c  seconds out of posi t ion.)  During 
the l a s t  100 shots we had 17 re turns .  Since 17e were 
defocussed t o  about 4 a r c  seconds a t  the  time and the  
corner r e f l e c t o r  was supposedly 9 degrees off  ax i s ,  t h a t  
represents a be t t e r  re turn than we have ever had on the  
Apollo 11 corner; About 3 hours l a t e r  we repeated t h a t  
performance, ge t t ing  26 re turns  i n  150 shots with the same 
system par.ameters. Even though I can probably only say 
with great  surety  t h a t  the beam divergence was greater  
than 3 but l e s s  than 5 a rc  seconds, there  i s  no escaping 
the f a c t  . t ha t  on Feb. 5 the  A. 1 4  corner had a b e t t e r  
performance than ever observed f o r  the  A .  11 corner. 
Since Feb. 6 when the lur,ar'module l i f t e d  o f f ,  we have 
had about 8 acquis i t ions  on t h a t  L R ~ .  None of these a r e  
of the  qua l i ty  seen 011 February 5th.  I ~7ould be wi l l ing  
t o  say t h a t  t h i s  i s  ind ica t ive  of some dust coverage but 
f o r  some extenuating circumstances. February 5th was an 
exceptionally good n ight .  Even tipugh we d ive rged ihe  
beam, the person guiding had a considerable advantage 
over h i s  usual f a r e .  Secondly, we have now switched t o  
the  ups ta i r s  guider. The l a t t e r  has resul ted i n  spot ty  
performance t o  date .  It w i l l  take a t  l e a s t  another month 
t o  determine the s t a t e  of the Apollo 1 4  corner. 
Although the case f o r  degradation i s  not ye t  es tabl ished,  i t  i s  
perhaps appropriate t o  review the arguments f o r  a p ro tec t ive  cover on 
.3t he  LR , t o  be rcinoved by a thermally act ivated switch during the f i r s t  
lunar night  a f t e r  l i f t - o f f .  Such a cover was strongly urged by the  
pr incipal  invest igator  and the co-investigators f o r  Apollo 11-and a 
s a t i s f ac to ry  design was demonstrated by A. D.  Li t t l -e ,  Inc.  It con-
s i s t ed  of a psece of l i g h t  s a i l c l o t h  spring loaded a t  t he  s i a e s  with 
f i a t  springs hhicll ~ o u l d  r o l l  up l i k e  a .i?indor~ shade when a thermal switch 
3 
re lying on d i f f e r e n t i a l  expansion was released during the lunar night .  
The development of t h i s  concept f o r  f l i g h t  was not approved by NASA on 
the grounds tha t  the  r i s k  of i t s  not working were grea te r  than the  r i s k s  
3
of degradation. I f  the  degradation of the  Apollo 14 LR i s  confirmed 
by continuing measurements, the  case f o r  a  p ro tec t ive  cover on f u t u r e  
LR 's w i l l  need t o  be examined. Factors of 2 o r  3 i n  op t i ca l  perfor- 
mance a r e  s ign i f i can t  f o r  the  development of small ground s t a t i ons .  -
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The f a r  f i e l d  d i f f r a c t i o n  p a t t e r n  of a  geometr ical ly p e r f e c t  
corner  r e f l e c t o r  i s  examined a n a l y t i c a l l y  f o r  normally - inc ident  
monochromatic l i g h t .  The s t a t e s  of p o l a r i z a t i o n  and the  complex 
amplitudes of t h e  emerging l i g h t  a r e  expressed through transforma- 
t i on  mat r ices  i n  terms o f  those of  t h e  o r i g i n a l  i n c i d en t  l i g h t  f o r  
each s ex t an t  of  t h e  f ace  i n  a  s i n g l e  coordina te  system. The aria-
l y t i c  express ion  of t h e  t o t a l  d i f f r a c t i o n  pa t t e r n  is obtained f o r  
a c i r c u l a r  f ace .  This express ion  cons i s t s  of t h r e e  component func- 
t i on s  i n  add i t ion  t o  t h e  b a s i c  Airy funct ion .  The coe f f i c i en t  of 
each func t ion  is  expressed i n  terms of complex coe f f i c i en t s  of 
r e f l e c t ance  of t h e  r e f l e c t i n g  su r face .  .Some numerical  r e s u l t s  f o r  
d i f f e r e n t  r e f l e c t i n g  su r f a c e s ,  i nc lud ing  t o t a l  i n t e r n a l  r e f l e c t i o n ,  
a r e  presented.  The i s o - i n t en s i t y  contours of the  d i f f r a c t i o n  pa t t e r n  
eva lua ted  from t he  a n a l y t i c a l  expressions f o r  an uncoated s o l i d  
corner  r e f l e c t o r  a r e  a l s o  presented  along wi th  t h e  photographs of 
the  p a t t e r n .  
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I. INTRODUCTION 
It i s  known t h a t  a monochomatic p lane  wave of l i g h t  f a l l i n g  
normally upon a f l a t  c i r c u l a r  mi r ro r  produces i n  t h e  f a r  f i e l d ,  upon 
r e f l e c t i o n ,  t h e  well-known Airy d i f f r a c t i o n  pa t t e r n .  When t h e  f l a t  
m i r r o r  is rep laced  by a c ome r  r e f l e c t o r  of the-same c i r c u l a r  ape r t u r e  
t h e  f a r  f i e l d  p a t t e m  i s  no longer  t h e  Airy p a t t em .  We w i l l  consider ,  
i n  t h i s  r epo r t ,  t h e  f a r  f i e l d  d i f f r a c t i o n  p a t t e m  of a c ome r  r e f l e c t o r  
w i th  s p e c i a l  emphasis on t h e  e f f e c t s  of t h e  r e l a t i v e  phase s h i f t s  
between orthogonal  po l a r i z a t i on s  caused by t o t a l  i n t e r n a l  r e f l e c t i on .  
Mahan1has  repor ted  a  s im i l a r  comprehensive s tudy on t h e  po l a r i z a t i on  
e f f e c t s  from a  roof prism. 
2E. R. Peck has  s t ud i ed  t h e  r e s u l t a n t  s t a t e  of po l a r i z a t i on  of 
t h e  r e f l e c t e d  l i g h t  when a - p e n c i l  of l i g h t  f a l l s  upontone s e c t o r  of  a 
3
c ome r  r e f l e c t o r .  M. M. Rao , fol lowing t h e  method of Peck, has made 
a  numerical  s tudy of t h e  s t a t e  of po l a r i z a t i on  f o r  a  c ome r  r e f l e c t o r  
cons t ruc ted  of a p a r t i c u l a r  type  of g l a s s .  The e igen  s t a t e s  of 
p o l a r i z a t i o n  p r ed i c t ed  by Peck have been experimehtal ly v e r i f i e d  by 
4Rabinowitz, et  a 1  . A s tudy,  i n  terms of geometric o p t i c s ,  of t h e  e f f e c t s  
o f  angular  e r r o r s  i n  t h e  prism on t h e  r e t u r n  image has  been made by 
6P. R. Yoder, .Jre5,and a l s o  by R. C .  Spencer . However, our  presknt  
d i scuss ion  s h a l l  assume t h a t  t h e  c ome r  i s  geometr ica l ly  p e r f e c t ;  i . e .  
t h e r e  a r e  no angular  e r r o s . i n  t h e  c ome r  r e f l e c t o r .  
I n  t h e  fol lowing we cons ider  t h e  f a r  f i e l d  p a t t e r n  produced by 
. . 
combining t h e  beams of  d i f f e r e n t  p o l a r i z a t i o n  which emerge from t he  s i x  
s e c t o r s  of t h e  corner  r e f l e c t o r .  The p o l a r i z a t i o n  and amplitude of each 
of t hese  s i x  beams i s  determined by t h e  opt i -ca l  p r ope r t i e s  of the  r e f l e c -  
t i o n  su r face .  The r e f l e c t i o n  su r face  can be  one of many forms, such as  
a i r  t o  metal ,  glass t o  metal  and g l a s s  t o  a i r  f o r  t h e  case of an open 
corner ,  a  s o l i d  corner  wi th  meta l  coa t ing ,  and an uncoated s o l i d  corner ,  
r e spec t i v e l y .  I n  $ene ra l ,  t h i s  p a t t e r n  has  more s t r u c t u r e  and angular  
divergence than t h e  p a t t e r n  which would b e  obta ined  i f  t h e  corner  
I 
r e f l e c t o r  a c t ed  i n  t h e  same manner a s  a f l a t  mir ror  of t h e  same diameter.  
I n  more d e t a i l ,  each ray which "composes" t h e  i n c i den t  p lane  
wave f a l l i n g  on a  corner  r e f l e c t o r  i s  followed through t h e  corner  
r e f l e c t o r  i n  t h e  manner of Peck, and t h e  phase and amplitude of t h e  ray 
emerging from t h e  f a c e  of t h e  c ome r  r e f l e c t o r  a r e  determined. We thus  
n eg l e c t  d i f f r a c t i o n  e f f e c t s  which occur i n s i d e  t h e  corner  r e f l e c t o r .  
The phase s h i f t  and amplitude a r e  determined by t h e  o p t i c a l  p r ope r t i e s  
of  t h e  r e a r  s u r f a c e ;  i .e. ,  t h e  glass-metal,  g l a s s -a i r ,  o r  air-metal  
i n t e r f a c e .  Each of t h e s e  r e a r  i n t e r f a c e s  causes a r e l a t i v e  phase s h i f t  
between t h e  components po la r i zed  p a r a l l e l  and perpendicular  t o  t h e  p lane  
I
of inc idence .  An i n t e r f a c e  wi th  a  me ta l  component a l s o  in t roduces  a  
change i n  t h e  amplitude of t h e  l i g h t  wdve. Our r e s u l t s  w i l l  b e  compared 
t o  those  f o r  a  "per fec t"  me ta l  coa t ing  a t  t h e  r e a r  i n t e r f a c e  by which we 
mean an i n t e r f a c e  w i t h  t h e  i d e a l  p r ope r t i e s  of no change i n  amplitude and 
a r e l a t i v e  change of phase between t h e  p a r a l l e l  and perpendicular  compon- 
. . 
en t s  of p o l a r i z a t i o n  of - r r .  (A ma t e r i a l  with i n f i n i t e  conduct iv i ty  a t  
o p t i c a l  f r equenc ie s  would s a t i s f y  t h i s  c r i t e r i o n  of "perfect ion.")  
The amplitude and phase o r ,  equ iva len t ly ,  t h e  complex amplitudes 
thus  determined have d i f f e r e n t  va lues  on t h e  d i f f e r e n t  s ex t an t s .  I n  t h i s  
computation, i t  has  been assumed t h a t  t h e  i n c i den t  p lane  wave i s  perpen-
d i c u l a r  t o  t h e  f r o n t  face.  T i l t i n g  t h e  corner  r e f l e c t o r  by an angle  9 
would have two e f f e c t s :  (1) an o v e r a l l  change i n  t h e  apparent  shape of 
t h e  f r o n t  f ace  ( o r  t h e  ape r tu re )  vhich would expand one ax i s  of t h e  
r e s u l t a n t  d i f f r a c t i o n  p a t t e r n ,  and (2) a change i n  t h e  angles  of r e f r ac -
t i o n  a t  t h e  r e a r  i n t e r f a c e ,  which would involve  t h e  change of r e l a t i v e  
phase s h i f t s  wi th  angle .  The l a t t e r  e f f e c t  is second order  i n  the  angle 
4 and thus  sma l l  f o r  sma l l  angles .  For a  l a r g e r  angle ,  t h e . a n a l y t i c  
express ion  of t h e  complex amplitude of t h e  emerging beam cannot be  
obta ined  simply. W e  have, u t i l i z i n g  a computer, adopted t h e  ray t r a c e  
technique and we x i i l l  r e p o r t  t h e  r e s u l t s  s epa r a t e l y .  
The f a c e  of  ' t h e  corner  r e f l e c t o r  is assumed t o  b e  c i r c u l a r .  
S c a l a r  d i f f r a c t i o n  theory i s  used t o  determine t h e  f a r  f i e l d  p a t t e r n  
which r e s u l t s  from a l l  s ex t an t s  w i th  d i f f e r e n t  complex amplitudes. The 
d i f f r a c t i o n  i s  c a l cu l a t ed  f i r s t  f o r  an a r b i t r a r y  complex amplitude f o r  
.each s e c t o r ,  and l a t e r  t h e  complex amplitudes a r e  given t h e  va lues  which 
would r e s u l t  from a p a r t i c u l a r  r e a r  i n t e r f a c e .  The F resne l  r e f l e c t i o n  
from t h e  f r o n t  f a c e  has  been neg lec t ed  a t  p r e s en t  a s  w e  may assume an 
a n t i - r e f l e c t i o n  coa t ing  on t h e  f r o n t  f ace  of a corner  r e f l e c t o r .  The 
presence of t h e  Fresnel  r e f l e c t i o n  a t  t h e  f r o n t  f ace  causes mu l t i p l e  
r e f l e c t i o n s  which i n t e r f e r e  w i t h  t h e  o r i g i n a l  r e t r o  beam. We w i l l  
p r e s en t  a  d e t a i l e d  d i scuss ion  of t h i s  a spec t  s epa r a t e l y .  
The p rope r t i e s  of s p e c i f i c  i n t e r i a c e s  a r e  considered i n  
Section, V ,  and t h e  d i f f r a c t i o n  p a t t e r n s  f o r  s i l v e r ,  aluminum and t o t a l  
i n t e r n a l  r e f l e c t i o n  a r e  d iscussed .  The meta ls  have d i f f r a c t i o n  p a t t e r n s  
r a t h e r  s im i l a r  t o  t h a t  of a "pe r fec t "  meta l ,  and t o t a l  i n t e r n a l  r e f l e c -  
t i o n  produces marked d i f f r a c t i o n  e f f e c t s .  The i s o - i n t en s i t y  contours ,  
which a r e  eva lua ted  from t he  a n a l y t i c  express ions ,  df t h e  d i f f r a c t i o n  
p a t t e r n  f o r  an uncoated s o l i d  corner  r e f l e c t o r  a r e  presented  along wi th  
t h e  photographs of t h e  
The ana l y s i s  was undertaken t o  provide  a fhorough understanding 
of t h e  d i f f r a c t i o n  p a t t e r n  of c ome r  r e f l e c t o r s  i n  connect ion wi th  the  
design and t e s t i n g  of t h e  Apollo I1 Laser Ranging Retro-Reflector .  This 
uses t o t a l  i n t e r n a l  r e f l e c t i o n  t o  allow nea r  d i f f r a c t i o n  l im i t ed  opera- 
t i on  i n  t h e  l u n a r  thermal  environment. 7 
- - 
11. 	 POLARIZATION AND INTENSITY EFFECTS OF A COI(IUER REFLECTOR ON A 
PENCIL OF LIGHT 
The f r o n t  f a c e  of a  corner  r e f l e c t o r  i s  d iv ided  i n t o  s i x  equal  
s e c t i o n s ,  when viewed from t h e  f r o n t ,  by t h e  p ro jec t ions  of t h e  t h r e e  r e a l  
back edges and t h e i r  images. We de f ine  a  coordina te  system i n  t h e  f ace  
of t h e  corner  r e f l e c t o r  by a  p a i r  of mutual ly orthogonal  u n i t  vec to r s  
A -
i and j wi th  t h e  j - ax i s  co inc ident  w i th  t h e  p r o j e c t i o n  of one of t h e  
r e a l  back edges 'in t h e  f a c e  a s  shown i n  F i g . . l .  The s i x  s e c t i o n s  a r e  
l abe led  by numbers 1 through 6. A beam of l i g h t  e n t e r i n g  t h e  corner  
r e f l e c t o r  through one of  t h e  s e c t i o n s  always emerges from t h e  oppos i t e  
s e c t i o n .  
I f  we cons ider  a  p e n c i l  of l i g h t  which e n t e r s  a x i a l l y  i n t o  t h e  s e x t a n t  
A A 
l abe led  by 4  then t h e  u n i t  vec to r s  i and j a r e  perpendicular  and 

p a r a l l e l  r e s p e c t i v e i y  t o  t h i s  plane of incidence.  We assume he re  

t h e  l i g h t  t o  be  monochromatic and of s i n g l e  p o l a r i z a t i o n .  The amp- 

. . 
l i t u d e  of t h e  l i g h t  e n t e r i n g  t h e  4 th  s e x t a n t  can then be represented  

by u which has  two complex components u and u i n  t h e  d i r e c t i o n s  i

- 1 2 
and j. This l i g h t  beam, a f t e r  being r e f l e c t e d  consecutively from t h r e e  
uack su r faces ,  emerges from t h e  s e x t a n t  l abe led  by 1with  amplitude v
-
which i s  d i f f e r e n t  from u. By t r a c i n g  the  l i g h t  through each r e f l e c t i o n ,  
-
i t  has  been found1 t h a t  u and v  can be  r e l a t e d  by a 2 x  2  mat r ix  C ,  such
-2 
t h a t  v i =  1 C , .  u i =1,2  o r v =  Cu. 
13 	 j' - - - j=1 

The ma t r ix  C' has  t h e  form 

2 

= - + 4 r  ( r  - rp ) ]  	 ( l a )
'11 8 s P . P  s 
( lb)  
( l c )  
. 

I 
where r and r a re  complex coeff ic ients  of reflectance which may be 
S P 
wri t ten as r = P exp (i6 ) and r = p exp (i6 ). For loss less  
s S S P P P 
re f lec t ion  P and p have uni t  magnitude. I n  general, however, the 
S P 
magnitudes of p and P are  l e s s  than uni ty ,  representing the losses  
s P 
i n  re f lec t ion .  This i s  the matrix for  l i gh t  emerging from the f i r s t  
1 
- sextant  and the  matrix i n  Eq. (1) could be l-abeled C . In general, 
-
the transformation matrix o r  the re la t ion  between incident in tens i ty  
and polar izat ion i s  d i f f e r en t  f o r  each sextant,  s o  we have 
where n 1, 2, 3,  4, 5, and 6.1 The superscr ipt  n of the  complex 
amplitude vn and the  matrix Cn i s  associated with the l i gh t  emerging 
- - .  I 
1from the nth sextant.  The matrix i n  Eq.  ( I ) ,  now ident i f ied  as C
-
can be re-expressed i n  terms of Paul i ' s  spin matrices, for  the  con-
venience df the  following calcu.lation, i n  the  form 
wher'e 
and 
- - - - - - 
3 
The 3rd and - t h e  5 t h  s e x t a n t s  t ransform i n t o  t h e  f i r s t  s e x t a n t  i f  we 
r o t a t e  t h e  coordina tes  by +120°, t h e r e fo r e  one can ob t a i n  the .ma t r i ces  C
-
-
5
and C through t h e  r o t a t i o n  of t h e  coordina te  system. Such a r o t a t i o n  may 
be  accomplished by R-1 C R, where R = - -1 ( 1  - t 6  i o ) f o r  + 120' and R
- - .  - 2 - -Y -
-
- -I ( 1+ t 6 i 0 ) f o r  - 120°, y i e l d i n g  
2 - -Y 
2 4 6 5 3 1 Matr ices  C , C , and C can b e  obtained by i n v e r t i n g  C , C , and C 
r e spec t ive ly  wi th  oz because they a r e  mir ror  image p a i r s  and w e  ob ta in  
This  equat ion ,  because of t h e  anticommutation r e l a t i o n  of o ' s ,  r e s u l t s  i n  
simply changing of s i g n s  of t h e  coe f f i c i en t s  of a and a components. Con-
.. -X' -Y 
n ' 
sequent ly  we can w r i t e  C i n  a gene ra l  form a s
-
The c o e f f i c i e n t s  f  gn and hn a r e  t abu la t ed  i n  Table I f o r  a l l  s ex t an t s .  
n '  
n
A s  i nd i c a t ed  by t h e  forin of t h e  t ransformat ion  ma t r i ces  C t h e
-
po l a r i z a t i on  and ampli tude of t h e  en t e r i ng  l i g h t  i s  i n  gene ra l  n o t  
preserved.  One can, however, use p ro j e c t i on  ope ra to r s  t o  decompose t h e  
emerging beam i n t o  two po l a r i z a t i on  components along d i r e c t i o n s  o t h e r  than 
.. a 
i and j .  I n  p a r t i c u l a r  we w i l l  consider  one component p a r a l l e l  t o  t h e  
i n c i den t  pol .a r iza t ion  and t h e  o t h e r  perpendicular  t o  i t .  Assume t h e  
i n c i d en t  l i g h t  t o  b e  l i n e a r l y  po la r i zed  w i t h  t h e  d i r e c t i o n  of t h e  e l e c t r i c  
f i e l d  a t  an ang le  8  t o  t h e  i - ax i s  s o  i t  has  t h e  form u  = u ('"").ere uo
- o s i n e  
i s  t h e  amplitude of t h e  f i e l d .  The e igenvectors  of t hese  p ro j e c t i on  opera- 
t o r s  a r e ,  
r e spec t i v e l y  f o r  t h e  components p a r a l l e l  and perpendicular  t o  t h e  i n c i d e n t  
po l a r i z a t i on .  Thus t h e  normalized complex amplitudes of t h e  emerging l i g h t  
from n t h  s e x t a n t  f o r  t h e s e  two components a re ,  
= -g i<4- hnr/1/2? s i n  (28) - f J3/2n cos (28)
n n ' (4b) 
It i s  now c l e a r  t h a t  t h e  p o l a r i z a t i o n  and i n t e n s i t y  of t h e  emerging l i g h t  
a r e  d i f f e r e n t  from one. s e x t a n t  t o  t h e  o t h e r  and a r e  a l s o  determined by t h e  
, 
magnitudes and r e l a t i v e  phase of y" and y" . 
P s 
111. DIFFIUCTION PATTERN. FOR A SIX-SECTORED CIRCLE WITH ARBITRARY PHASES 
AND AMPLITUDES 
For a  s i n g l e  p o l a r i z a t i o n  t h e  i n t e g r a l  governing Fraunhofer d i f f r a c -  
8
t i o n  f o r  c i r c u l a r  ape r t u r e  of r ad i u s  a i s  given, i n  po l a r  coordina tes ,  by 
-ikpw cos(0-$) ' U(P) .= B e adpd0 ( 5 )  
-
where U(P) is t h e  amplitude a t  t h e  f a r  f i e l d  point.  P, and (p,$) is t h e  
p o l a r  coord ina te  a t  t h e  ape r t u r e  whereas (w,$) i s  t h e  p o l a r  coordina te  of 
t h e  po i n t  P, and k 5 2nlX. However, w is t h e  s i n e  of t h e  angle'between t h e  
d i r e c t i o n  of t h e  l i g h t  beam and the' d i r e c t i o n  of po i n t  P. The cons tant  B 
i s  t h e  complex ampli tude of  t h e  l i g h t  i n  t h e  aper ture .  
I
Now cons ide r  a c i r c u l a r  ape r t u r e  of r ad i u s  a  wi th  imaginary l i n e s  
Id iv id ing  t h e  ape r t u r e  i n t o  s i x  s ex t an t s .  Suppose t h e  l i n e a r l y  po la r i zed  
l i g h t  emerging from t h e  ape r t u r e  has  d i f f e r e n t  phases and amplitudes a t  
d i f f e r e n t  s ex t an t s  b u t  wi th  uniform phase and amplitude over  a  given s ex t an t .  
T\en t h e  d i f f r a c t i o n  i n t e g r a l  should become 
where B desc r ibes  t h e  phase and t h e  ampli tude of t h e  l i g h t  emerging from 
n 
t h e  n- - t h  s ex t an t .  The po l a r  angles  (I and $ a r e  both measured counter-
clockwise froir~ j -axis  when we a r e  f ac ing  t h e  emerging beam. 
I n  order  t o  cons ider  t h e  problem of t h e  c ome r  r d f l e c t o r  we  
may assume the  ape r t u r e  t o  be  a c e r t a i n  r e f l e c t o r  and t h e  emerging beam 
t o  b e  t h e  r e f l e c t i o n  of che i n c i den t  beam impinging normally on t h c  r e f l e c t o r .  
S ince  our  i n t e r e s t  i s  i n  t h e  d i s t r i b u t i o n  of t h e  energy, we can norn- 
a l i z e  t h e  amplitude such t h a t  i n  the  case  of a c i r c u l a r  "per fec t"  mir ror  
2 
t h e  c e n t r a l  i n t e n s i t y  I Iu(o,o) 1 i s  un i ty .  This  y i e l d s  
0 
-ikpw cos ($-9)
e pdpdt~ 
na n=l (7) 
n
where A(P) i s . t h e  normalized complex ampli tude of t h e  d i f f r a c t i o n  and y i s  
t h e  normalized complex amplitude of t h e  n-th s ex t an t .  
9To eva l ua t e  t h e  i n t e g r a l  i n  Eq.  (71, we use  t h e  formulas 
.n 
k
s i n  ( z  cos e) = 2 1 - J (2)cos [(2k +1)81, 2k+lk= 0 
where JZk(z)  a r e  t h e  Besse l  func t ions ,  t o  s e p a r a t e  t h e  r a d i a l  and angular  
p a r t s  i n  t h e  i n t e g r i l . l 0A f t e r  eva lua t ing  t h e  angular  p a r t ,  w e  ob t a i n  
9.m nw 
J9.(y) s i n  -g cosE(- 3 - - %)I }6 
where x E kaw, y :kpri. 
It i s  known t h a t  
and t h e  second i n t e g r a l  which involves  h ighe r  orders  of t h e  Bessel funct ions  
can be  expressed i n  terms of t h e  Besse l  func t ions  o r  i n  a power s e r i e s  of 
x.  I n  e i t h e r  case  t h e  s e r i e s  converges r a t h e r  quickly,  and has  t h e  forn? 
S ince  t h e  i n t e g r a l  i s  well-determined, we can, f o r  s h o r t ,  de f ine  a new 
func t ion  FQ(x) f o r  9. 11 as: 
hen Eq. ( 6) can be  r ewr i t t en  as: 
62J1(x) 6 n - ]In nn II 
A@) = - -1 3 2  + ; (-i) '  FQ(x) s i n  1 yn cos[11(-- - $ - K)] :(1313
n = l  9.=1 n= l  
I n  t h e  case  of a "per fec t"  mi r ro r ,  a l l  yn's a r e  equal  t o  un i ty  (omi t t ing .  
t h e  common phase).  Then f ynj6 = 1plus  t h e  indenllity 
n= l  
6 .2n n7r
s i n - cos [L(;;--a)] :06 
n=1 
f o r  a l l  9.
 and or,  reduces Eq.(13) t o  t h e  well-known d i f f r a c t i o n  pa t t e r n  
r e s u l t i n g  from a c i r c u l a r  ape r tu re ,  
This  d i scuss ion  has  been f o r  a s i n g l e  po l a r i z a t i on .  I n  genera l ,  (and 
f o r  t h e  corner  r e f l e c t o r  i n  p a r t i c u l a r )  t h e  p o l a r i z a t i o n  from each of t h e  
s ex t an t s  may no t  be  t h e  same. , ~ i i c ebeams of. or thogonal  p o l a r i z a t i o n  do nbt 
i n t e r f e r e ,  we may c a l c u l a t e  t h e  d i f f r a c t i o n  p a t t e r n  due t o  each po l a r i z a t i on ,  
c a l c u l a t e  t h e  i n t e n s i t i e s  due t o  each po l a r i z a t i on ,  and then add t h e  in t en -  
s i t i e s .  Although t h i s  may be  done f o r  a  r e so l u t i on  i n t o  any p a i r  of or tho-  
gonal p o l a r i z a t i o n  s t a t e s ,  we w i l l  f i n d  i t  convenient t o  cons ider  or thogonal  
l i n e a r  po l a r i z a t i on s .  
I V .  DIFFRACTION PATTERNS AS A FUNCTIOIf OF THE REFLECTING SURFACE 
I n  Sec t ion  I1 we have der ived  t h e  express ions  of t h e  normalized complex 
ampli tudes f o r  two orthogonal  p o l a r i z a t i o n  s t a t e s  r e s u l t i n g  from an i n c i den t  
l i n e a r l y  po la r i zed  plane wave wi th  uniform i n t e n s i t y .  The coe f f i -  
c i e n t s  5, q and 5, f i r s t  def ined  i n  Eq. (2) a r e  indeed determined by t h e  
p rope r t i e s  of t h e  r e f l e c t i n g  su r faces ;  and t h e  r e f l e c t i n g  su r f a c e s  may be, 
as  f a r  a s  t h e  corner  r e f l e c t o r  i s  concerned, glass-metal ,  g l a s s -a i r  o r  
air-metal  i n t e r f a c e .  
S ince  t h e  l i g h t  i n  or thogonal  p o l a r i z a t i o n  s t a t e s  do no t  i n t e r f e r e ,  
we 1 t r e a t  each of  t h e  outgoing po l a r i z a t i on s  sepa ra t e ly .  F i r s t  rue 
s u b s t i t u t e  t h e  va lue  of y n and y n obtained from Eq .  ( 4 )  i n t o  Eq.  (13) and 
P S 
then sum over  n from 1 t o  6. A f t e r  somewhat lengthy  a l g eb r a i c  c a l cu l a t i o r s  
we ob ta in  the  express ion  of t h e  normalized amplitude f o r  both  po l a r i z a t i on s  
where 
2J1(x) 
Gob )  ; 
It is i n t e r e s t i n g  t o  no te  t h a t  t h e  b a s i c  d i - f f rac t ion  p a t t e r n  of a comer  
r e f l e c t o r  depends s o l e l y  on four  funct ions  r ega rd le s s  of t h e  proper ty  of t h e  
su r face .  The d i f f e r e n c e  i n  t h e  p rope r t i e s  of t h e  r e f l e c t i n g  su r f a c e s  a f f e c t s  
only t h e  s t r e ng t h s  and t h e  r e l a t i v e  phases of t h e s e  fou r  funct ions .  
Now we cons ider  t h e  energy which l i e s  w i t h i n  a  given angular  r ad i u s  from 
t h e  c en t e r  of t h e  beam. Let L(w ) denote t h e  f r a c t i o n  of t h e  t o t a l  energy 
0 
11
which l i e s  w i t h i n  an angular  r ad ius  v . Then we ob t a i n  
0 
where X = 2n/k i s  t h e  wavelength of t h e  l i g h t .  The i n t e n s i t y  i s  given by 
2
r(w,*;e) = I A  (x,$;e) l 2  + I A ~ ( X , + ; ~ ) ~  (21)
P 
where x = kaw as  before .  Using Eqs. (14) and (15) ,  w e  g e t  
2 2  2 2I (w , $; 8) = 1 t r lGo  (x) + ( S I ~ * + S " ~ )G~ (X )G~ (X , ~ ;  (x,$;e).8) +In1 GI.  
Noting t h a t  t h e  c ross  terms i n  I ( W , + ; ~ )  vanish  a f t e r  t h e  angular  i n t e g r a t i o n  
over  $, we may-evalua te  t h e  angular  p a r t  f o r  each term and ob t a i n  
(X)X dx.  
'n 0
m=O 
Tile energy wi th in  t h e  first zero  of t h e  Airy p a t t e r n  is given by L(w )
0 
when x = 3.83 (o r  wo = 3.831ka) where t h e  f i r s t  zero  of t h e  Airy p a t t e r n  
0 
occurs.  Evalua t ing  Eq . (23) numerical ly wi th  t h a t  argument we ob t a i n  
I f  we a l s o  cons ider  the, e f f e c t  of absorpt ion  by t h e  back su r faces  
rue can denote t h e  r a t i o  of t h e  t o t a l  output  energy t o  t h e  t o t a l  i npu t  energy by R 
I 
I
and we have 
A s  a s imple i l l u s t r a t i o n ,  let  us cons ider  t h e  va lues  of t h e  coe f f i -  
c i e n t s  5, n and 5 when t h e  r e f l e c t i n g  su r f a c e  of a corner  r e f l e c t o r  a c t s  a s  
a "per fec t"  mir ror .  This  i d e a l  condi t ion  can be  s u f f i c i e n t l y  described 
phys i c a l l y  by t h e  cond i t ion  t h a t  t h e  e l e c t r i c  f i e l d  which is p a r a l l e l  t o  t h e  
m i r r o r  s u r f a c e  vanishes ,  b u t  t h e  e l e c t r i c  f i e l d  which i s  perpendicular  t o  
t h e  m i r r o r  s u r f a c e  remains unchanged. Then, i t  fol lows t h a t  p = ps = 1 
I P 
and 6 = O, 6 = n o r  i n  o t h e r  words, r = O a n d r  - r  = 2 .  p + rsP s P SI 
S ub s t i t u t i n g  t h e s e  va lues  i n t o  Eq. (2 ), we ob t a i n  
5 L 1  and 11 = 5 = 0 .  
Th i s  r e s u l t  reduces Eqs. (14) and (15) t o  what we expect  fr.om a c i r c u l a r  
ape r t u r e ,  t h a t  i s  
Thus a corner  r e f l e c t o r  whose back su r f a c e s  a c t  a s  a "per fec t"  mi r ro r  
has  t h e  same d i f f r a c t i o n  p a t t e r n  a s  a "per fec t"  f l a t  c i r c u l a r  mi r ro r .  
V. 	 EXPECTED PATTERNS FROM CORNER REFLECTORS COATED WITH ALZMIN!JN. 
SILVER, UKCOATED, AND OPEN CORNER REFLECTORS 
Since  t h e  d i f f r a c t i o n  p a t t e r n  of a corner  r e f l e c t o r  i s  a l i n e a r  
combination of t h e  f o u r  G-functions, i g e  need only eva lua te  t h e  c o e f f i c i e n t s  
5, 17 and 5 of d i f f e r e n t  r e f l e c t i n g  su r faces .  IJe assume t h e  wavelength of 
0 
t h e  l i g h t  t o  be 6943 A which 5s t h e  v a l u e f o r  a ruby l a s e r .  We have con- 
s i d e r e d  t h e  cases  of (1) an open corner  r e f l e c t o r  us ing  t h e  s i l v e r  o r  t h e  
aluminum a s  t h e  r e f l e c t i n g  s u r f a c e s ,  (2) a s o l i d  corner  r e f l e c t o r  coated 
, w i t h  t h e  s i l v e r  o r  t h e  aluminum, and (3) an uncoated s o l i d  corner  r e f l e c t o r .  
I n  ax1  cases  t h e  index of  r e f r a c t i o n  of t h e  s o l i d  corner  i s  assumed t o  be 
1.45. The complex index of  r e f r a c t i o n  of t h e  meta ls  was taken from Schulz 
12
and . T a n g h e r l i n ~  . . -
We have f o l ~ ~ d  t h z t  
21 II 1 and 2 15 1 . for .  t h e  cases (1) and (2) a ~ - 0  
n e g l i g i b l y  sma l l  ( l e s s  than 1%of 
2 
151 ): The energy r a t i o s  R a r e  95% and 
70% f o r  s i l v e r  and aluminum, r e s p e c t i v e l y ,  i n  case  (1) and 92% and 61.X i n  
case  (2) .  
2 2 2 
For an uncoated s o l i d  corner  117 1 and 15 1 a r e  comparable wi th  151 . 
Although t h e  energy r a t i o  R i s  100% i n  t h i s  case,  t h e  energy wi th in  t h e  f i r s t  
zero  of Airy p a t t e r n  i s  about 36%. 
' 
The d i f f r a c t i o n  p a t t e r n  f o r  t h e  case of (1) o r  (2) i s  approximately 
an A i r )  p a t t e r n .  The d i f f r a c t i o n  p a t t e r n  of an uncoated corner  r e f l e c t o r  
. 

is,  however, q u i t e  d i f f e r e n t .  \(e have eva lua ted  t h e  a n a l y t i c  expressions i n  
Eqs. (14),  (15) and (22) f o r  0 = 0' and p l o t t e d  t h e  i s o - i n t e n s i t y  contours a t  
d i f f e r e n t  i n t e n s i t i e s  i n  F igs .  2,  3 and 4 .  The t o t a l  p a t t e r n  as  w e l l  
a s  t h e  two components of t h e  mutually orthogonal  p o l a r i z a t i o n  s t a t e s  a r e
. 
shobm s epa r a t e l y .  
The contours  show c e r t a i n  s ym e t r i e s ,  such a s  I (x,$;O) = I (x,-$;O)
P P 
= 1 x , I T - 0 1 x ; O  = I x - 0 f o r  two orthogonal  po l a r i z a t i on s ,  and 
P s s 
I(x,$;O) - I(x,-$;O) f o r  t h e  over  a l l  p a t t e r n .  These symmetries a r e  q u i t e  
obvious i n  Eqs. ( 16 )~  (17),  (18) and (19) 
The photographs of t h e  d i f f r a c t i o n  p a t t e r n  a r e  shown i n  F igs .  5 ,  6 ,  
and 7 f o r  comparison w i t h  t h e  p l o t s .  The corner  r e f l e c t o r  has an ape r t u r e  
of one inch  i n  diameter.  The en t r ance  f a c e - con t r a r y  t o  t h e  assumption i n  
th i s  r epor t ,  d id  n o t  have an a n t i - r e f l e c t i o n  coa t ing .  However, one n o t i c e s  
a s t r i k i n g  resemblance between t h e  photographs and t h e  p l o t s .  
V I .  	 COKCLUSION AND THE COMMENT 

I n  t h i s  study of the f a r  f i e l d  d i f f rac t ion  pat tern of a comer 

I 
r e f l ec to r ,  we considered, among other things, mainly the energy concen-
t r a t i on  a t  the cen t r a l  region. 
The purpose of t h i s  pa r t i cu l a r  consideration was to  inves t iga te  the 
poss ib i l i t y  of ranging t o  the moon with an op t ica l  radar system on the ground 
and the corner r e f l ec to r s  on the moon13. Thus quant i ta t ive  info.rmation on 
the concentration of the returning s igna l  was the primary in t e r e s t .  ' 
-
The d i f f rac t ion  pa t te rn  from a c i rcu la r  aperture illuminated uni- 
formly'by a plane wave contains about 84% of i t s  energy within the angular 
radius of 1.22 X/d, where d is  the diameter of the aperture. The d i f f rac t ion  
pat tern from a comer r e f l ec to r  u t i l i z i n g  t o t a l  i n t e rna l  re f lec t ion  contains 
s l i g h t l y  l e s s  than half  of the  energy from a c i rcu la r  aperture within tha t  
I 
angular radius.  The cen t r a l  i r radiance is,, for  the case of a corner re f lec tor ,  
I 
about one-fourth of t h a t  from a c i rcu la r  aperture. It is because the polar i -  
zation e f f e c t  manifests i t s e l f  to  a grea te r  extent i n  the t o t a l  i n t e rna l  
ref lect ion.  There i s  l i t t l e  tendency tha t  the f i e l d  a t  points f a r  away from 
the cen t ra l  region would be cancelled as i t  would be i n  the case of c i rcu la r  
apertures.  The consequence i s  a grea te r  spread of energy. Coating the back 
surfaces of the comer re f lec tor  with metals would generally improve the 
performance i n  the sense tha t  more energy would tend to  concentrate i n  the 
cen t ra l  region. But the absorption of the l i g h t  by the metal would reduce the 
returning in tens i ty .  The l i g h t  entering a comer r e f l ec to r  has t o  be re f lec ted  
three times before emerging, thus the des i rab i l i ty  of high reflectance a t  the 
re f lec t ing  in te r face  i s  great ly  increased. 
The paFticular geometry of the corner re f lec tor  predetermines tlie 
basic  s t ruc tu re  of i t s  d i f f rac t ion  pat tern as a combination of four functions. 
The d i f f e r en t  op t i ca l  constants of the d i f fe ren t  ref lect ing interfaces  provide 
merely the d i f f e r en t  coeff ic ients  f o r  each of these four functions, namely 5 ,  n,  
and 5 .  
Higher values of n and 5 would cause a  wider spread of op t ica l  
energy because the functions of which n and 5 are  the coefficients consist  
of Bessel functions of higher order divided by the i r  argument. A Eessel 
function reaches i t s  l a rges t  value when the argument i s  roughly equal to  
' i ts  order; therefore,  under the condition tha t  (51  = In1 = 151 the diffracti.on 
f i e l d  does not  become small compared to  the f i e l d  strength a t  the central  
di rect ion except when the angular direct ion i s  some distance away from the 
cen t ra l  di rect ion.  It i s  necessary t h a ~  In1 << 161 and I 51 << I t;l i n  order 
t o  reduce the spread of energy by diff ract ion.  
A corner r e f l ec to r  whose back surfaces are coated with metal such as 
s i l v e r  o r  duminum s a t i s f i e s  the condition tha t  1 n 1 and 15 ( are  much smaller 
than 15 1 . Although i t  appears tha t  such a  comer re f lec tor  behaves roughly 
as an idea l  re f lec tor ,  its application t o  the optimization of return s ignal  for  
the lunar ranging experiment is not s t r a i gh t  forward. The extreme temperature 
gradients and the d i r ec t  exposure to  s o l a r  radiation i n  the actual  lunar 
environment make the optimization of return s igna l  a  problem of a  dif ferent  
nature which w i l l  not 'be  discussed i n  t h i s  repor t .  
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FIGURE CAFTIONS 

I 

Fig. 1 Front  view of a  corner  r e f l e c t o r  w i t h  a  c i r c u l a r  f ace  
is div ided  i n t o  s i x  s e c t i o n s  l a b e l e d  by numbers 1 
through 6. The p r o j e c t i o n s  of t h e  r e a l  back edges and 
t h e i r  images a r e  i n d i c a t e d  by t h e  s o l i d  and dashed 
' l i n e s ,  respectively..  The coordina te  system i s  def ined  
.. A 
by t h e  u n i t  vec to r s  i and j. 
Fig. 2 The i s o - i n t e n s i t y  contours  of t h e  t o t a l  d i f f r a c t i o n  
p a t t e r n  a r e  shown a t  t h r e e  d i f f e r e n t  i n t e n s i t i e s  f o r  
6 = 0' i n  t h e  p o l a r  coordina te .  A quar t z  s o l i d  c o m e r  
r e f l e c t o r  (n=1.45) i s  assumed i n  t h e  ca l cu la t ion .  The 
i 
contours  a t  SO%', 1C%, and 2Z of che c e n t e r  inCensi ty 
I(O,$;O0) a r e  shown by -- - ----- - , and 
-.-.-.-. , respect iveiy. '  .The contour of t h e  f i r s t  
zero  of The Airy p a t t e r n  i s  shown by the  dot ted  l i n e  
.......... f o r  comparison. 
Fig. 3 The i s o - i n t e n s i t y  contours  of t h e  d i f f r a c t i o n  p a t t e r n  
whose p o l a r i z a t i o n  i s  t h e  same a s  t h a t  of t h e  i n c i d e n t  
l i g h t .  
Fig. 4 The i s o - i n t e n s i t y  contours  of t h e  orthogonal  p o l a r i z a t i o n .  
Not ice  t h a t  t h e  50% l i n e  is n o t  p re sen t .  
Fig. 5 The photograph of t h e  t o t a l  d i f f r a c t i o n  p a t t e r n  from 
a  qua r t z  s o l i d  corner  r e f l e c t o r  without  an a n t i -  
r e f l e c t i o n  coa t ing .  
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ABSTRACT 
We have studied the multiple re f lec t ions  i n  a so l id  corner 
re f lec tor .  We have also calculated i n  d e t a i l  the e f f ec t s  of multiple 
re f lec t ion  on the f a r  f i e l d  d i f f rac t ion  pattern f o r  the case of 
normal incidence of l i gh t .  We have especially evaluated the cen t r a l  
i r radiance of the d i f f rac t ion  pat tern as a function of the op t i ca l  
path difference between the primary and the secondary re f lec ted  beams. 
The var ia t ion of the cen t ra l  i r radiance i s  also observed experi- 
mentally when the op t i ca l  path difference i s  varied.  
DIFFRACTION PATTERN OF A CORNER REFLECTOR 
I. INTRODUCTION 
We have reported the f a r  f i e l d  d i f f rac t ion  pa t te rn  of a comer 

r e f l ec to r  illuminated by a  monochromatic plane polarized l i g h t  .' In  

t ha t  report  we assumed, i n  the case of a  so l id  r e f l ec to r ,  tha t  the 

- 2
r e f l ec to r  was coated with an an t i re f lec t ion  f i lm on i t s  f ront  face t o  

el iminate the interference caused by the multiple ref lect ions .  

For a  r e f l ec to r  without an ant i ref lect ion.  coating on i ts  entrance 

face the Fresnel re f lec t ion  occurs every time the l i g h t  h i t s  the surfaqe,  

e i t h e r  from the ins ide  or  from the outside of the r e f l ec to r .  Some amount 

I 
of l i g h t  i s  always ref lected back i n t o  the r e f l ec to r  as i t  attempts to  
I 
emerge from the r e f l ec to r  similar. to  what occurs where l i g h t  i s  trapped 

i n  a glass  p l a t e  between the p a r a l l e l  surfaces.  The attenuation r a t e  of the 

amplitude of the trapped l i g h t  upon each Fresnel re f lec t ion  i s  typically 

about 20%. A l l  r e f lec t ions  should be taken in to  account to  obtain an 

exact expression f o r  the f a r  f i e l d  d i f f rac t ion  pattern.  

Ne w i l l  discuss i n  the sect ion I1 the geometry of n ~ u l t i p l e  ref lect ions  
i n  a  re f lec tor .  In  sect ion 111, we w i l l  present the mathematical equivalences 
of physical  operations i n  the form of matrices and w i l l  then reduce the 
*a 
summation over a l l  multiple re f lec t ions  to  a  summation over a  power s e r i e s  
of a  matrix. The ana ly t ica l  expression of the overa l l  transformation matrix i s  
then presented i n  sec t ion  I V  and the resul t ing f a r  f i e l d  amplitude 2s 
discussed i n  sect ion V along with a photograph of an oscilloscope t race 
showing the varying cen t ra l  i r radiance of the f a r  f i e l d  d i f f rac t ion  
pattern.  Conclusions are  given i n  sect ion V I ;  
11. MJLTIPLE REFLECTIONS I N  A CORNER REFLECTOR 
A ray- of . l igh t  entering a r e f l ec to r  emerges from the r e f l ec to r  
a f t e r  i t  has been re f lec ted  three times by the back surfaces'. This emerging 
ray, lioruever, i s  re f lec ted  p a r t i a l l y  by the f ron t  face,. back in to  the 
re f lec tor .  After being. ref lected '  three more times by the back surfaces 
another emerging attempt is. made and again pa r t i a l l y  ref lected back in to  
the re f lec tor .  This seemingly perpetuating re f lec t ion  by the f ron t  face 
i s  what we. c a l l  the multiple ref lect ions  i n  a re f lec tor .  .An analogue t o  
t h i s  i s  a ray of . l i g h t  passing through a piece of glass p l a t e  with two 
pa ra l l e l  surfaces.  
The path of a ray i n  a r e f l ec to r  i s  three-dimensional i n  general. To 
i l l u s t r a t e  i t s  geometry i n  a simple fashion without losing i t s  generali ty 
we chose a spec ia l  cross sect ion of a r e f l ec to r  where the path of a ray is 
i n  a.plane.  Such a cross sect ion i s  shown in 'F ig .  1where OX i s  one of the 
r e a l  back edges, OY i s  i ts  image- i n  the opposite surface and XY i s  the 
f ron t  face. 
Consider a ray of l i g h t  entering the r e f l ec to r  a t  a point denoted 
by A i n  Fig. 1. We have chosen a small incident angle f o r  the ray i n  order 
to  Avoid overlapping of the rays i n  tile i l l u s t r a t i o n .  Tne ray i s  p a r t i a l l y  
. ref lected a t  	A and the r e s t  i s  transmitted i n t o  the- re f lec tor .  The re f lec ted  
l i g h t  a t  A i s  denoted by F The transmitted ray proceeds t o  points B ,  C ,1' 
and ex i t s  a t  D. The emergent beam i s  denoted by R which is a r e t r o  beam. 1' 
The p a r t i a l l y  re f lec ted  ray a t  D proceeds t o  the points E ,  P ,  and ex i t s  a t .  
G. The emergent beam i s  denoted by F rihich has the same direct ion as t ha t2 
of F ~ .  A p a r t i d  r e f l e c t i o n  w i l l  occur a t  the. po i n t  G and the  ray w i l l  
proceed a s  before .  S im i l a r l y  we ob t a i n  R and s o  on. 2 ' .  
On examining t h e  graph i n  Fig .  1, one no t i c e s  t h a t  t h e r e  a r e  two 
d i s t i n c t  d i r e c t i o n s  f o r  t h e  r e t u rn i ng  beams. One group of r ays  .which 
con s i s t s  of R1, R2, e.tc., is i n  t h e  ret 'ro d i r e c t i o n  and rqe s h a l l  c a l l  t h i s  
group R-rays. The o t he r  group of r ays ,  which c on s i s t s  of F1, F2, e t c . ,  i s  
i n  t h e  r e f l e c t e d  d i r e c t i o n  and we s h a l l  c a l l  t h i s  group P-rays. Were w e  
have p a r t i c u l a r l y  poin ted  out  t h e  d i f f e r ence  i n  t h e  d i r e c t i on s  of the  
r e t u rn i ng  beams f o r  t h e  fol lowing reason. 
In cons ider ing  t h e  e f f e c t  of t h e  mu l t i p l e  r e f l e c t i o n s  on t h e  f a r  f i e l d  
w e  t ake  i n t o  account only t h e  beams which a r e  i n  t h e  r e t r o  d i r e c t i o n .  For 
a l l  p r a c t i c a l  purposes,  f o r  i n s t a c e ,  a  s l i g h t  misali.gnment of t h e  i n c i den t  
r ay  of about 100 seconds of  a r c  from t he  normal d i r e c t i o n  would throw t h e  
P-rays s u f f i c i e n t l y  f a r  away from t he  R-raxs. Thus we cons ider  only t h e  
R-rays . 
111. TRANSPOWfATION MATRICES 
When a  p lane  wave of l i g h t  e n t e r s  normally a corner  r e f l e c t o r  t h e  
r e t r o  beam i s  t o  be  r e l a t e d  t o  t h e  i n c i d e n t  beam by a t ransformat ion
I 
mat r ix .  The f r o n t  f ace  is divided i n t o  s i x  s e c t i o n s  by t h e  p ro jec t ion  of t h e  
back edges and t h e f r  images. Each s e c t i o n  r e p r e s e n t s  a  unique sequence 
i n  which t h e  e n t e r i n g  b e a m h i t s  t h e  back su r faces .  Therefore  t h e  t r ans -  
formation ma t r ix  i s  d i f f e r e n t  f o r  l i g h t  en te r ing  d i f f e r e n t  s e c t i o n s .  I f  
we denote t h e  t ransformat ion  mat r ix  by cn, where t h e  s u b s c r i p t  n = l  t o  6  i s
-
t h e  s e c t i o n  i d e n t i f i c a t i o n ,  t h e  i n c i d e n t  l i g h t  amplitude by %=(:) and t h e  
emerging beam by un= when we ignore  t h e  f r o n t  f ace  ' t hen  we have )?"=sl'$
- I..). 
r e f l e c t i o n .  The field-components u and U , which a r e  gene ra l ly  complex 
ampli tudes,  a r e  taken i n  t h e  d i r e d t i o n s  perpendicular  and p a r a l l e l ,  respec t -
i v e l y ,  t o  t h e  p r o j e c t i o n  of one of t h e  r e a l  back edges i n  t h e  f r o n t ' f a c e .  
' IThe mat r ix  i s  g iven  a s  1 ! 
f o r  n= l  t o  6 ,  with f  =g =h =g =h =f =h =g =h =1, f  =f = O ,1 1 1 3 3 4 4 5 . 6  2 5 

g =f =g =f =g =-1 and h  =h =-2. The cons tan t s  a r e  given a s  
2 3 4 6 6  2 5 

2 2 

S=(rs-r ) [3( rs+r  ) -2(rs-r ) 1/16, (2a)
P  P  P  
n=f i ( r s+ r  ) 3 / ~ 6 ,  (2b)
P 
where i-fi i s  t h e  imaginary number, r and rs a r e  t h e  c o e f f i c i e n t s  of P 
r e f l e c t a n c e  of t h e  back su r faces  f o r  t h e  p a r a l l e l  (P) and perpendicular  ( s )  
-
components, r e s p e c t i v e l y ,  i n  r e s p e c t  t o  t h e  p lane  of inc idence ,  t h e  U ' S  a r e
-
4
~ a u l i ' s  s p i n  ma t r i ces  and 1
-
is t h e  u n i t  ma t r ix  . The ma t r ix  Cn i s  i n  f a c t  
-
equiva lent  m a t r i x  of t h e  phys ica l  ope ra t ion  t h a t  a  r ay  b f  l i g h t  goes 

through a r e f l e c t o r  except  t h a t  a common phase f a c t o r  of o p t i c a l  pa th ,  exp( i$ ) ,  

i s  omitted. 

I n  o rde r  t o  sum up, i n  t h e  case  of  m u l t i p l e  r e f l e c t i o n s ,  a l l  t h e  beams 
i n  t h e  r e t r o  d i r e c t i o n  we s h a l l  r ep resen t  every phys ica l  ope ra t ion  on t h e  
- -- - 
- - -  
ray of l i g h t  i n  a  r e f l e c t o r  by an equ iva len t  mat r ix .  For t h e  
t ransmiss ion  o f . l i g h t  a t  t h e  en t r ance  f ace  i n t o  a  r e f l e c t o r  we have 5 , 6  
2T =(-)lwhere n is t h e  index of r e f r a c t i o n  of  t h e  g l a s s  of which t h e  
-I n +1 - g 
g 
r e f l e c t o r  i s  made. The F resne l  r e f l e c t i o n  i n s i d e  t h e  r e f l e c t o r  i s  represented 
by7 R=[(ng-l) / (n +1) 11 .  The t ransmiss ion  of l i g h t  from i n s i d e  t h e  r e f l e c t o r  
- g -
t o  t h e  a i r  i s  represented  by T3=[2n / ( ng+ l ) l l .
. 
Then t h e  f i r s t  r e t r o  beam i s  
g 
given by R;= exp(i$) (T.&%'I)u_, a s  t h e  consequence of  t h e  phys ica l  opera t ions  
t h a t  t h e  l i g h t  f i r s t  e n t e r s  t h e  r e f l e c t o r ,  then goes through t h e  r e f l e c t o r  
and then  l eaves  t h e  r e f l e c t o r .  I f  we r e f e r  back t o  F ig .  1, TI and 'EE occur a t  
po i n t s  A and D, r e spec t i v e l y ,  whi le  exp(i@)Cn desc r ibes  t h e  o v e r a l l  e f f e c t s  of 
-
t h e  pa th  ABCD. 
S imi l a r ly ,  t h e  second r e t r o  beam is given  by8 ~ ; = e x ~ ( i 3@ )  (T c ~ R c ~ + ~ R c ~ T ~ ) ~ .  
*El -- -I 
n nHere T and t h e  f i r s t  exp(i@)C a r e  j u s t  a s  i n  R t h e  f i r s t  R occurs  a t
- 1'
.-1 
D,  e ~ p ( i i j ) ~ ~ + ~desc r ibes  t h e  e f f e c t s  o f . t h e  pa th  DEFG, t h e  second R occurs a t  G ,
-
another  exp ( i@)  cn desc r ibes  t h e  e f f e c t s  of  t h e  pa th  GH I J ,  and f i n a l l y  TE
-
occurs  a t  J. We s h a l l  mention, i n  o rde r  t o  avoid misleading'  t h e  reader  wi th  
. . 
.. 
t h e  f i gu r e ,  t h a t  f o r  normal inc idence  of  t h e  r ay ,  t h e  po i n t  A co inc ides  wi th  G ,  
D w i th  J and t h e r e fo r e  t h r e e  seemingly d i f f e r e n t  pa ths  a r e  i n  f a c t  t h e  same one. 
We can gene ra t e  t h e  remaining- r e t r o  beams i n  t h e  f a sh ion  of t h e  second 
r e t r o  beam. Noticing t h a t  t h e  ma t r i ces  TI, TE, and R a r e  represented  by t h e  
-
u n i t  ma t r ix  which comu t e s  wi th  a l l  o t h e r  ma t r i ces ,  and t h a t  t h e  m-th r e t r o  
beam equa l s  t h e  (m-1)-th r e t r o  beam opera ted  on by ( c ~ R c ~ ' - ~ R ) ,  can w r i t e  we 
t h e  t o t a l  sum of a l l  r e t r o  beams a s  
2 
m 
2u n 11 n 
= exo( i$)  [4n /(ng+L) I 1 exp(i211lh) [(ng-l) / (ng+l) l  (Q ) < 
(3) 
g u=o 
where D ~ ~ C " C ~ + ~ .The power s e r i e s  converges and we can use t h e  formula a s  i n  
m 
-1the  case  of a  s c a l a r  t h a t  1,xu = ( 1 - f o r  1x1< 1 and obta in  
u=o 
n 2 n -1 n ( 4 )1% = exp( i$)  [4n / (n  + l )  
-
C u 
- -
](l-CYR ) 
- -
!Enu, 
g g 
where a:Zexp (i'24) [ (n -1) / (n 
g 
+1)12 
7 
The o v e r a l l  t ransformat ion  ma t r ix  E* can be  expressed e x p l i c i t l y  i n  
-

terms of P a u l i ' s  s p i n  ma t r i ces  and u n i t  mat r ix  a s  i n  t h e  case  of  Cn. The
-
de t a i l e d  c a l c u l a t i o n  and t h e  f i n a l  express ions  a r e  presented  i n  t h e  next  
- - 
IV. 	IINALYTICAL EXPRESSIONS 

The t a s k  of  expressing E" i n  terms of P a u l i ' s  s p i n  ma t r i ces  and 

-. 
t h e  u n i t y  mat r ix  involves :  a )  f ind ing  t h e  ma t r i ces  Dn , w h i c h  a r e  t h e
-
n n+3 	 nproduct of C and C , b )  f ind ing  t h e  i n v e r s e  of (1-aD ), and c)  f ind ing  
- - I 	 -
! nt h e  product.  of (1-aD)-' and C .- Since  each ma t r ix  is expressed i n  terms 
, -
of P a u l i ' s  s p i n  m a t r i c e s ,  t h e  m u l t i p l i c a t i o n  of  two such ma t r i ces  can be 
evaluated by using t h e  f o l l o r ~ i n g  p r o p e r t i e s  of P a u l i ' s  s p i n  mat r ices :  0: = 
o 
2 
= 	a 
2 
= 1, o o + a o = 0 and o o .= i o  . Using t h e s e  o p e r a t i o n a l  
-y -2 -X-y -y -X x-1' "Z 

p r o p e r t i e s ,  w e  o b t a i n  Dn = dn 1 + dno + dn o + dno where

- 1 - 2 2  3 , y  4-2 
2 2 2 
d n = 5  + 2 q  - 5 ,  . . (5a)r 
d; = < +  i g n h n  51, .(5b) 
nd = 	0,  (5c)3 
d n =  	f i n  (h 5 - i 6 f n  g , . ~ ) .  ' . (5d)4 
n 

Using similar ' a lgebra i#  procedure, we o b t a i n  

, 	 2 2 2 2 2 2 2 2 
where .Q= 1 - 2a (5  + 2 - 5 )  + A  (5  - 21 - ) . F i n a l l y ,  

n -1

mul t ip ly ing  ( 1  - aD ) wi th  cn, we obfa in  t h e  express ion  of t h e  t o t a l  
t ransformat ion  mat r ix  En: 

E" = 1+ (8 + gnc la  I
8[5' /&) f q l o  + (11 2 )  ~ ~ ~ r l ' o(7)
- - n -x -Y -z 

where 

I3 5 	4n e x p ( i $ ) / [ ( n  + 1 )2 I ,  
g 	 g 
25' :cC1-a ( $  - 2n2 - 5 ) I / Q ,  
n t  :r)[i  + a ( $  - 2n2 - 5 2)I/Q, 
V. 	 THE DIFFRACTION PATTERN 
1I n  our previous r e p o r t  , we have presented t h e  f a r  f.ield o f  a  r e f l e c t o r  
when p lane  po la r i zed  monochromatic l i g h t  i s  used. I n  t h a t  r e p o r t  we 
ignored t h e  e f f e c t s  of t h e  m u l t i p l e  r e f l e c t i o n s  from t h e  f r o n t  f ace .  I n  
f a c t ,  we took only t h e  ma t r ix  cn i n t o  account i n  obta in ing  t h e  a n a l y t i c a l  
express ions  of  t h e  f a r  f i e l d .  To t ake  i n t o  account t h e  e f f e c t s  of m u l t i p l e  
r e f l e c t i o n s  a l l  we have t o  do i s  t o  c a r r y  out  t h e  same c a l c u l a t i o n  a s  before  
n 	 n n nbu t  use  E i n  t h e  c a l c u l a t i o n  i n s t e a d  of C . However, comparing E t o  C we 
n o t i c e  t h a t  t h e  only d i f f e r e n c e s  between them a r e  t h a t  5,  q ,  and 5 a r e  replaced 
by c ' ,  n ' ,  and c', and a  r educ t ion  i n  t h e  amplitude by t h e  f a c t o r  o f  5. There-
f o r e ,  w e  come t o  t h e  conclusion t h a t  t h e  f a r  f i e l d  p a t t e r n  wi th  t h e  m u l t i p l e  
r e f l e c t i o n  e f f e c t s  can be  r e a d k y  w r i t t e n  a s  
X 9. 
x :/ Y J ~ (y jdyj~ + ~cos~ i(29.+5m)$ + (-> 291: (aa)
0 
_ .. . 
2 m (_)m+!L-l 2 x6 6  1 	 P, 
f n '  - 1 (29.+6m) 	 ( ~ J ~ ~ + ~ ~ ( y ) d y ][(2P,+6m)+ + (-)'71 	 [I s i n  281)
e=1 m=o 	 0 (8b) 
where t h e  s u b s c r i p t  p  denotes  t h e  component whose p o l a r i z a t i o n  i s  p a r a l l e l  
t o  t h a t  of  i n c i d e n t  l i g h t  whereas s denotes t h e  orthogonal  p o l a r i z a t i o n  
component. The observa t ion  p o i n t  i s  expressed by t h e  p o l a r  coordina tes  x 
. 
and $. The r a d i a l  coord ina te  x i s  ( 3 ~ ) a w  where X is t h e  wavelength of t h e  X 

i i g h t ,  a i s  t h e  r a d i u s  of t h e  c i r c u l a r  a p e r t u r e  and w i s  t h e  s i n e  of t h e  
ang le  between t h e  d i r e c t i o n  of t h e  f i e l d  po in t  and t h e  r e t r o  d i r e c t i o n .  The 
ang le  8 i s  t h e  ang le  between t h e  d i r e c t i o n  of t h e  p o l a r i z a t i o n  of t h e  inc iden t  
l i g h t  r e l a t i v e  t o  t h e  o r i e n t a t i o n  of t h e  r e f l e c t o r .  
~ l t h o u g hwe can express the  ana ly t ica l  form of the  f a r  f i e l d ,  the 
r e a l  d i f f i cu l ty  i n  evaluatipg the expressions l i e s  i n  t he  f ac t  tha t  the op t i ca l  
path i s  too uncertain t o  determine the  phase fac tor ,  exp(i2+), i n  a .  For 
example, fo r  a  r e f l ec to r  with an op t i ca l  path of about 10 cm, it requires 
tha t  the  physical dimension as  well as  tlle index of re f rac t ion  i s  known 
within one par t  i n  a  mil l ion t o  determine the phase angle witbin t h i r t y  
degrees. Such a  requirement i s  impractical. However, lal  i s  on the order of 
0.04, the e f fec t s  of the  phase fac tor ,  exp(i2+), on E ' ,  n ' ,  and <'  a re  
r e l a t i ve ly  small. .As an example, we have calculated R and R 2 ,  which a re1 
defined as  
2Rl z 5'35 = c ' / c  = [ l -a (?  - 2n2 - 5 )]/Q 5 I$1 exp(iml) 

2 

~ ~ : ~ ' . / q =[ l C a ( $ - 2 q 2 - < ) ] / Q : W 2 e x p ( i @ )2 
i n  terms of t he  angle $ f o r  the  case of a  r e f l ec to r  made of fused s i l i c a  
0 
= 1.4571 a t 1  = 6328 A). ,(ng , 

The absolute values, I?, and N,, and the phase angles, and a re  

I L 2' 
plot ted i n  Fig. 2. A s  we see i n  the  f igure  tha t  the  e f fec t s  of $ on E ' ,  n 1  
and 5' a r e  indeed small, especially on n ' .  Therefore, the  e f fec t s  on the 
t o t a l  d i f f rac t ion  pa t te rn  i s  smell as  well. However, we s h a l l  point out 
tha t  i t  i s  not negligible.  For example, the  cen t r a l i r r ad i anceo f  the 
d i f f rac t ion  pa t te rn  i s  d i r ec t ly  proportional t o  15'1 2. It means tha t  the 
central i r radiance var ies  approximately 210% when Q varies  from 0 t o  T .  
To observe t h i s  e f f ec t  experimentally, rue have to  vary the op t i ca l  
path within the r e f l ec to r  while we simultaneously monitor the cen t ra l  i r radiance 
of the d i f f rac t ion  pat tern with a  photo-detector. One way to  vary the 
op t i ca l  path is t o  vary the temperature of the  r e f l ec to r .  Because of tlle 
long thermal time constant of the  r e f l ec to r  it is impractical  t o  use t h i s  
method. Another method is t o  ro t a t e  a  r e f l ec to r  i n  the v i c in i ty  o f t h e  normal 
di rec t ion ,  typ ica l ly  within a couple of degrees. Although the previous 
.. 
calculat ion does not apply t o  a non-normal (off axis)  incident beam, i t  
i s  s t i l l  a good approximation within a small angle of rota t ion.  This is 
so because the off  axis  e f f e c t  i s  a second orde; e f f ec t  i n  the v i c in i ty  of I
I .
t h e  normal direct ion.  
A photograph of a scope t race  of the output from a photo detector is 
shown i n  Fig. 3 .  The f u l l  t r ace  covers about +3" from the  normal direct ion 
of incidence, The base l i n e  i s  indicated by a s t r a igh t  l i n e  on the upper 
portion of the photograph. Notice the in tens i ty  moduLation i n  the  v i c in i ty  
df the  normal direct ion.  The modulation i s  about 25%. The discrepency from 
the analyt ica1,predict ion of +lo% can.be explained by the f a c t  t ha t  the  
wave f ronbof  a l l  beams other than the  d i r ec t  re turn was degraded by the 
f ront  face,r.rhich i s  not "perfectly'" f l a t .  A fl.atness f igure  of about A/10 , 
t ha t  i s  the manufacture's specif icat ion of t h e - r e f l e c t o r  used, would 
*. ' I 
decrease the modulation by.approximately one-half: 
VI. CONCLUSIONS 

We have found t h a t  t he  e f f ec t s  of multiple re f lec t ions  do not a l t e r  
-
the basic s t ruc ture  of the  pat tern.  A s  previously reported L , the difdract ion 
pat tern i s  s t i l l  determined by the four functions which we c a l l  G-functions. 
The op t i ca l  parameters such as  the  index of re f rac t ion  of th,e material  of 
which the re f lec tor  is made and the op t ica l  constaht of the baclc re f lec t ing  
i 
surfaces,  (e.g. aluminized o r  s i lvered) ,  only appear i n  the  coeff ic ients  
of these basic  four functions. The multiple ref lect ions  only a l t e r  the 
way these parameters enter the coefficients.  Al thoughi t  i s  small, the 
e f fec t  of the  multiple re f lec t ions  s t i l l  cause approximately 10%uncertainty 
i n  the  cen t ra l  ?rradiance of the  d i f f r ac t ion  pattern.  
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FIGURE CAPTIONS 

1. 	 A beam of l i g h t  i s  traced through a  corner r e f i ec to r  to i l l u s t r a t e  
the  multiple re f lec t ions  wheclch occur a t  the f ron t  surface.  A spec ia l  
k 
cross sect ion of the  corner i s  so chosen that  the ray l i e s  i n  a  plane. 
The direct ions  of the  l i g h t  a r e  indicated by the arrows. 
2.  	 The absolute yalues as well  as  the  phase angles of R1 and R a r e2 
-	 plot ted as functions of t he  op t i ca l  path i n  a  re f lec tor .  The op'tical' 
path is expressed by ' the  phase angle 4 .  
. 3 .  The modulation on the cen t r a l  i r radiance of the  d i f f rac t ion  pat tern 
. i s  traced on an oscil loscope screen when a  corner r e f l ec to r  i s  rotated 
i23' from normal direct ion.  A photomultiplier i s  used as a  detector 
whose output i s  negative i n  polarity.[ The s t r a i g h t  l i n e  on the upper 
pa r t  of the photograph i s  Ehe base , l ine .  The s igna l  t race  i s  
-. 
broadened s l i gh t ly  because of the shot noise i n  the weak l i g h t  s ignal .  
Fig .  I 
A beam of l i g h t  i s  traced through a corner r e f l ec to r  to  i l l u s t r a t e  
the  multiple re f lec t ions  which occur a t  t he  f ron t  surface. A spec ia l  
cross section of the corner is so chosen tha t  the  ray l i e s  i n  a  plane. 
The direct ions  of the  l i gh t  i s  indicated by the arrows. 
Fig. 2 
The absolute values as  well  as  the phase angles of and S I  a re  
'0 
1 2 
plot ted a s  functions of the op t i ca l  path i n  a re f lec tor .  The op t i ca l  
path i s  expressed by the phase angle 4 .  
"i 
The modulation on the cen t r a l  i r radiance of the d i f f r ac t ion  pa t te r r  
is traced on an oscil loscope screen when a comer  r e f l ec to r  is rotated +
-
30 
', 
from normal direct ion.  A photomultiplier is used as  a detector  whose output 
is negative i n  polar i ty .  The s t r a igh t  l i n e  on the upper p a r t  of the  photo- 
graph is the base l ine .  The s igna l  t race  is broadened s l i gh t l y  because of 
the shot noise  i n  t he  weak l i g h t  signal.  
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ABSTRACT 
We have developed a ray tracing technique designed t o  
provide the amplitudes of l i gh t  re f lec ted  by a r e t ro re f l ec to r  
for  a rb i t r a ry  directfon of incidence. The area of the sub- 
apertures i s  a l so  calculated. A computer is needed for  the  ray- 
I 
t race a s  wel l  as for  khe area calculation.  Combining the ampli- 
tudes with the areas,  we obtain the cen t ra l  i r radiance of the  
d i f f rac t ion  pat tern of a re t roref lec tor .  The emphasis of the 
report  is on the method used i n  obtaining the resu l t s .  
NUERICAL MY 'L'R~\CEISALYSIS FOR DIFFMCTION CENTRAL IRRAEIA~~CEOF(\ 
WrROREFLECTOR FOR OFF-AXIS II\'CILIENCE OF LIGHT. 
I. INTRODUCTION. 
In  connection with the design and tes t ing  of the Apollo 11Laser 
Ranging ~e t r o r e f l e c t o r l - 3 ,  analysis was undertaken t o  provide a 
thorough understanding of the d i f f rac t ion  pat tern of re t rore t lec tors .  
Because of the  l i b r a t i on  e f fec t ,  the l a se r  beam which i s  transmitted 
from the ear th  must assume d i f fe ren t  angles of incidence on d i f fe ren t  
-deys. We were able to  analyze thoroughly for  various re f lec t ing  sur-
faces and express the d i f f rac t ion  pat tern i n  an ana ly t ica l  form f o r  
4
normal incidence of l i g h t  because of the symmetry i n  the geometry . 
Iloijever, for  cff-exis irxidence of l i gh t  the  symmetry disappears. The 
lack of symmetry imposes d i f f i c u l t i e s  i n  analysis.  A s  a s  a l te rna t ive ,  
a numerical ray t racing methcd was developed s t a r t i ng  the summer of 1968 
fo aid i n  pracical  design questions. 
The f a r  f i e l d  d i f f rac t ion  pa t te rn  of l i gh t  i s  essen t ia l ly  a two- ' 
dimensional Fourier transform of the  complex amplitude of l i gh t  a t  the 
aperture. I f  the complex amplitude of l i g h t  i s  kcown over .the en t i r e  
aperture the d i f f rac t ion  pat tern can be obtained e i the r  by ana ly t ica l  or  
by numerical methods. The l a t t e r  i s  more convenient for  an aperture of 
i r r egu la r  shape. 
I n  t h i s  report  w e  w i l l  present the  ray t race  technique for  obtaining 
the complex amplitude of l i g h t  re f lec ted  by a r e t ro re f l ec to r  for  off-axis 
angles of incidence with the emphasis on technique. We consider 
.mainly the case of a  so l id  re t roref lec tor ,  made of fused s i l i c a  o r  g lass ,  
u t i l i z i n g  t o t a l  i n t e rna l  re f lec t ion .  The r e t ro re f l ec to r  is assumed to  
be geometrically and opt ical ly  .perfect. We also present the analysis on 
the e f fec t ive  aperture of a  r e t ro re f l ec to r  for  off-axis angles ,of 
incidence. 
11. GENERAL DESCRIPTIONS OF A RETROREFLECTOR. 
A so l i d  re t roref lec tor  can be most eas i ly  represented by the por- 
t ion  of a  g lass  cube s l iced off by a  plpne determined by the diagonals of 
three planes forming a  corner as  shown i n  Figure l ( a ) .  I n  t h i s  case the . 
t r i angle  AaC i s  the f ron t  face of the re t roref lec tor .  The shape of the 
f font  face may be an inscribed c i r c ld  a s  shown i n  Figure l ( b j  inszead of 
a  t r iangle .  
We define the normal direct ibn of incidence to  be the direct ion 
which i s  perpendicular t o  the ' f ron t  face; and the axis  of symmetry of a 
re t roref lec tor  i s  the l i n e  which passes through the vertex of the corner i n  
the direct ion of normal incidence. 
The entrance aperture of l i gh t  i s  the f ron t  face whereas the  ex i t  
aper.ture is the image of the f ron t  face produced by the r e t ro re f l ec to r  
i t s e l f .  These two apertures do not coincide i n  general and the e f fec t ive  
'aper ture  depends not only oh the shape of the f ront  face but also on the 
angle of incidence of l i gh t .  
4. unique direct ion of incidence r e l a t i v e  to  the  re t roref lec tor  can 
be defined by two angles. The f i r s t  one i s  the angle of incidence 8 and 
the other  is the azimuth angle @.Since the incident l i g h t  i s  assumed 
Ito  be collimated we can define the plane of incidence t o  be the plane 
which is p a r a l l e l  to  the. di rect ion of incidence and contains the axis  
of symmetry of the r e t ro re f l ec to r  i n  the plane. k reference plane i s  
defined by the axis of s p e t r y  and one .of the back edges of the retro- 
re f lec tor .  Each of the three back edges can be used because of the 
threefold symmetry i n  the geometry. The angle of incidence, 6, i s  the 
\ 
angle between the axis of symmetry and the l i gh t  ray i n  the plane of 
incidence; the azimuth angle, 4, i s  the angle between the plane of inci-  
. 
dence ,and the reference plane. The def ini t ions  of both 8 and 4 a r e  
i l l u s t r a t ed  graphically i n  Figure 2. The azimuth angle c$ is confined t o  
, 
between 0" and 120' b e cake  of the threefold symmetry around the axis of I 
111. RAY TRACE. 
The direct ion of an incident ray is defined by 0 and $ as  discussed 
previously. However, a f t e r  the  ray enters  a re t roref lec tor  the angle of 
incidence becomes 8i because of the  refract ion a t  the f ront  face; the 
angle of incidence before and a f t e r  the refract ion i s  rela ted by 
Snel l ' s  law, s i n  8 = N s i n  8 .  where N i s  the index of re f rac t ion  of the  
I' .. 
gl-ass. I n  order to  t race the ray through a r e t ro re f l ec to r  the direct ion of 
incidence needs t o  be expressed i n  terms of more fmdamental quant i t i es ,  
such as direct ion cosines, ra ther  than 8 and 4. Ne choose t o  define a 
rectangular coordinate system by the three back edges of a re t roref lec tor  
and designate OA, OB,  and OC as  x-, y-, and z-axis, respectively.  Then 
we can express the uni t  vector of the  axis  of symmetry of the r e t ro re f l ec to r  
i n  the outward direct ion as 2 = (2 C 9 + 2 ) / 6 ,  where 2 ,  9 ,  and 2 a re  the 
un i t  veccors along the x-, y-, and z-axis, respectively. I n  order to  
obtain the expressions of the direct ion cosines i n  terms of 8 .  and @ ,
1
I 
we choose the following approach. 
Assuming the direct ion cosines of the  un i t  vector 2 i n  the direc- 
t ion  of the incident ray within the r e t ro re f l ec to r  i s  (.-I, -m, -n), &ere 
, m, and n are  non-negative numbers, we can r e l a t e  the angle of incidence 
to  the  direct ion cosines by the s ca l e r  product 
The un i t  vector of the normal of the plane of incidence i s  given by 
A = 2 x x/Ic x whereas the 'uni t  vector of the normal of the  reference P 

plane i s  given by A, = 2 x % / I  2. x 21. Then the azimuth angle can be 
re la ted to  the direct ion cosines by the s ca l e r  product n - n  and we have 
P r 
cos @ = (2R - m - n) I(& s i n  8 .  ) . 
1. (2) 
Rewriting Eq. (1) and Eq. ( 2 ) ,  we have, along with the constra int  
on the direct ion cosines, 
2R - m - n = 6s i n  Bi cos 4 ,  
Solving these three equations we obtain 
.K = = (cos ei + fi s i n  ei cos +)
G 
1m = - (acos ei - s i n  8, 
.L 
cos + 4- 1 6 s in  Oi s i n  +) (7)
-G 
n F -
1 (6cos - s i n  Bi cos. 0- 6 s i n  Oi s i n  4). - (8 )  $4-
Since  our  convention on ( r equ i re s  t h a t  m2n when (20 we have chosen t h e  
s o l u t i on s  accordingly.  
Now we assume t h a t  t h e  i n c i d e n t  l i g h t  is po la r i zed .  The state of 
p o l a r i z a t i o n  of l i g h t  i s  expressed i n  telms of two mutually orthogonal 
l i n e a r  po l a r i z a t i on s  p- and s-components i n  t h e  p lane  of inc idence .  The 
,. 
t h e , po l a r i z a t i on  s a t i s f y  t h e  r e l a t i o n  t h a t  ku n i t  vec to r s  of = 0 
x S, 

where and i? a r e  t h e  u n i t  vec to r s  i n  p  and s d i r e c t i on s ,  r e spec t ive ly .  
Furthermore, w e  can choose S ii the  same d i r e c t i o n  a s  Ap s i n c e  % is t h e  
normal of t h e  p lane  of inc idence;  then  w e  have 
3 =e[(-fi s i n  +) 2 + s i n  (( 4- 60.) 9 + s i n  (( - 60°)2]. (9) 
It f o l l o ~ ~ st h a t  6 ,. 
= x k and we have 
6 = 'OS 'i {(tan Oi - 6cos () 12 + [ tan Oi + 15cos (4  + 60")If
G 
+ [ t a n  6. + fi cos (9 - 60°)12}. (10)I 

Nor? suppose t h a t  t h e  complex amplitude of t h e  i n c i d e n t  l i g h t  be fo re  
en te r ing  t h e  r e t r o r e f l e c t o r  is expressed by 
where $ an? eo a r e  t h e  u n i t  p o l a r i z a t i o n  vec to r s  p r i o r  t o  en t e r i ng  t h e  
0 
5
r e t r o r e f l e c t o r ,  then a f t e r  en t e r i ng  t h e  r e t r o r e f l e c t o r  t h e  'amplitude i s  
2 cos 0 A% = N cos 8 + cos Oi op' . 
2 cos 8A = 
s cos O + N cos Oi *os' 
The ray,  a f t e r  having entered a r e t ro re f l ec to r ,  w i l l  be re f lec ted  
consecutively by the three .black surfaces before 'emerging from the re t ro-  
re f lec tor .  There a r e  s i x  d i f f e r en t  sequences of the  surfaces by which 
the ray i s  ref lected.  The choice depends upon the entering point on the 
f ron t  face and upon the d i rec t ion  of the incidence. These s i x  d i f fe ren t  
sequences a r e  represented by the f ac t  tha t  the e f fec t ive  aperture i s  
divided in to  s i x  subapertures . 
The f ron t  view, shown i n  Figure 3,  of a r e t ro re f l ec to r  shows the ' 
ef fec t ive  aperture is the common area shared by ABC and its image A'B 'C ' ;  
the edges OA, OB, and OC along ~ i t h  t h e i r  images divide the aper ture  i n t o  
s i x  subapertures whfch can be labeled by the numbers 1 through 6. We can 
also l abe l  the planes OBC, OCA, and OAB whose normals are  i n  the  direc- 
I 
t ion of 2,  9 ,  and 2 as I, 11: and 111, respectively. 
I 
- A ray tha t  enters  the r e t ro re f l ec to r  through subaperture 4 w i l l  
emerge from the r e t ro re f l ec to r  through subaperture 1 a f t e r  having been 
ref lected consecutively by plane I, 11, and 111. The sequence can be 
wri t ten symbolically as 4 ( I )  + I1 + l ( I I 1 ) .  Similarly,. the  r e s t  of the 
sequences can be wr i t ten  as 5 ( I I )  + I -+ 2 ( I I I ) ,  6(11) 7.111 -t 3 ( I ) ,  
( 1 + 11+ ( I ) ,  Z ( 1 )  + I + 5 1 and 3 ( I )  + 111-t 6 ( I I ) .  
A t  every plane of re f lec t ion  the process of re f lec t ion  i s  the same 
i n  general. The s t a t e  of l i g h t  i s  characterized by the propagation 
vector (c), the polar izat ion vectors (p and s )  and the amplitude compon- 
ents  Ap and As. A l l  one has t o  do i s  to  r e l a t e  the s t a t e  of l i gh t  a f t e r  
the re f lec t ion  to  the s t a t e  before the ref lect ion.  
Let  us name t h e  u n i t  v e c t o r  of t h e  normal of t h e  r e f l e c t i n g  sur -
A 
f ace  t o  b e  v, t h e  u n i t  vec to r s  o f  t h e  d i r e c t i o n s  of propagat ion be fo re  
and a f t e r  t h e  r e f l e c t i o n  t o  be  k  and k  r e spec t i v e l y ,  t h e  po l a r i z a t i on  1 2 
A A 
vec to r s  of  t h e  i n c i d e n t  l i g h t  t o  be  p  and s, and t h e  p o l a r i z a t i o n  vec to r s  
,. . 
i n  t h e  p lane  o f  inc idence  before  and a f t e r  t h e  r e f l e c t i o n  t o  be pl, s1' 
6 A 
and p2, s2, r e spec t i v e l y ,  a s  shown i n  F igure  4. The amplitude of the  
i n c i den t  l i g h t  i s  expressed i n  t h e  form of Eq.(12), then, because t h e  
r e f l e c t i o n  c o e f f i c i e n t s  a r e  d i f f e r e n t  f o r  p- and s - po l i a r i z a t i on  com- . 
ponents wi th  r e spec t  t o  t h e  p lane  o f  inc idence ,  we r ew r i t e  t h e  l i g h t  
amplitude i n  terms of t h e  po l a r i z a t i on  components appropr i a t e  t o  the  
p lane  of inc idence  a s  
+' A A 
A = B  p + B  s p l s l  
where 
Bs = A (p - sl) + As (S - sl) .
P 
A , . * A A 
The u n i t  v e c t o r s  pl, sl, p2, s and k  a r e  expressed i n  terms2' 2 
A A 
of t h e  known vec t o r s  v  and kl: 
Af ter  t h e  r e f l e c t i o n ,  t h e  amplitudes a r e  given a s  
where R and R a r e  t h e  r e f l e c t i o n  c o e f f i c i e n t s  f o r  p- and s-components. 
P S 
5When we assume in t e rna l  t o t a l  re f lec t ion ,  we have 
2 . 2
c o s a - i 1 \ ' &  s i n  a - 1R = 
P 
c0s.a  + i N JN2sin2  a - 1 
R 
S 
= 
N cos a - i 2 2s i n  a - I 
, . 
N c o s a + i  J 2N s i n  a - 1  
A 
-
A 
where i i s  the  imaginary nmber 6and -cos a = -k 1 v. But when in t e rna l  
t o t a l  re f lec t ion  f a i l s  we have5 
R = tan (a - a l ) / t a n  f a  + a ' )  
P 
R = - - s i n  (a - a ' ) / s i n  (a + a').
s 
-1 + 
. where. a'  = s i n  (N s i n  a ) .  Now A' becomes the new incident l i g h t  for  
the next surface and the whole procedure may repeat again. 
I n  a re t roref lec tor ,  the  procedure repeats three times because, there 
are  three back surfaces. The polar izat ion components a f t e r  the  t h i rd  re-
,. ..
A A .
 A 
, . f l ec t ion  a re  again-rearranged i n t o  p and s where p = p and s 3  = -s p r io r3 3 3 
to  the emergence of l i g h t  from the re t roref lec tor .  I f  we wri te  the  ampli-
,. 

s3, then the amplitude+- = C 
A 
+ Cs,tude pr ior  to . the  emergence to  be A p3 
 3.
p 
,.
 . 
-
A n AA+- A + Afsa f t e r  the emergence is  A = Af fp p sf where pf - po, s = -sff 0 '  
2 N cos 8i
-
*fp cos 8 .  + N cos 8 C.pY
1 

2 N cos fii 
-
*fs N cos €Ii + cos 8 's' 
-> -+ 
The compke<e process of re f lec t ions  which transforms A t o  A can 
0 f 
be repeated s i x  times f o r  s i x  d i f f e r en t  sequences of re f lec t ion .  I n  t h i s  
way we obtain the f i n a l  s t a t e  of l i g h t  emerging from each subaperture. 
IV. SUBAPERTURES. 
The d i f f r a c t i o n  i n t e g r a i  f o r  mul t ip le-aper ture  conf igu ra t ion  can 
be  w r i t t e n  a s  
u(p,q), .= CC.II exp [ - i k  (px + qy) 1 dxdy,j~ j 

where U(p,q) i s  t h e  ampli tude a t  t h e  d i f f r a c t i o n  f i e l d  po in t  ( p , q ) ,  x 
and y  a r e  t h e  coordina tes  i n  t h e  ape r t u r e  p l a n e , ~ k  i s  t h e  wave nunber 
of t h e  l i g h t ,  and C .  i s  t h e  ampli tude of ,the l i g h t  f i e l d  i n  t h e  j-th 
3 
ape r tu re .  The l i g h t  f i e l d  a t  the  c en t e r  (p = q = o) of t h e  d i f f r a c t i o n  
p a t t e r n  becomes 
U(o,o) = C C . I I .  dxdy = ZC.A 
. j J  J J j' 
where A ,  i s  t h e  a r e a  of t h e  j - th  subaper ture .  .Because w e  a r e  only 
3 

concerned with t h e  c e n t r a l  i r r a d i a n c e  of  t h e  d i f f r a c t i o n  p a t t e r n  i n  
our app l i c a t i on  we w i l l  cons ider  only <he c a l c u l a t i o n  o f  t h e  a r e a  of 
each subaper ture .  
The shape of t h e  subaper ture  depends on t h e  shape of t h e  f r o n t  
f a c e  of %he r e t r o r e f l e c t o r .  We w i l l  p r e sen t  t h e  r e t r o r e f l e c t o r  whose 
. . 
f r o n t  f ace  is an i n s c r i b ed  c i r c l e  t o  t h e  t r i a n g l e .  0 the r .geomet r i ca l  
shapes a r e  c e r t a i n l y  permiss ib le .  The gene ra l  approach employed 
he r e  can b e  appl ied  t o  a l l  shapes o f  t h e  f r o n t  face.  
The formation of t h e  subaper tures  can be ' exp la ined  i n  t h e  follow- 
-
-. 
i ng  way. The r e t r o r e f l e c t o r  and i t s  image c o n s t i t u t e  a  cy l i nde r  which 
is shown i n  F igure  5. By inspec t ion ,  i t  i s  c l e a r  t h a t  t h e  process  of  
r e f l e c t i o n  of  a  r ay  by a  r e t r o r e f l e c t o r  i s  equiva lent  t o  t h e  process  
whereby a ray passes  through a cy l inde r  and emerges from t h e  o t h e r  end. 
The e f f e c t i v e  ape r t u r e  is t h e  i n t e r s e c t i o n ,  along t h e  d i r e c t i o n  of the  
r ay ,  o f  t h e  f r o n t  f a c e  and i t s  image, a s  shorm i n  Figure 6 ( a ) .  The 
e f f e c t i v e  a p e r t u r e  i s  d iv ided  i n t o  s i x  s'ubapertures by t h e  p r o j e c t i o n s ,  
along t h e  d i r e c t i o n  of  t h e  r a y  on t h e  e f f e c t i v e  ape r tu re ,  df  t h e  back 
edges and t h e i r  images as i l l u s t r a t e d  i n  F igure  G(b) f o r  4 = 15",
-
6 = 20'. These d iv id ing  l i n e s  a r e  t h e  l i n e s  which connect t h e  v e r t i c e s  
of t h e  t r i a n g u l a r  f a c e  t o  t h e i r  corresponding v e r t i c e s  of t h e  image. 
The i n s c r i b e d  c i r c l e  becomes e l l i p t i c a l  because.of  t h e  cos6 e f f e c t .  
If w e  i gnore  t h e  case e f f e c t  f o r  now because we can always 
t a k e  c a r e  of  t h a t  e f f e c t  l a t e r ,  then  we w i l l  be  dea l ing  wi th  a  c i r c l e  
and t h e  chords i n  t h e  c i r c l e .  Bas i ca l ly  a subaper ture  i s  t h e  i n t e r s e c t i o n  
of two overlapping segments of a c i r c l e .  
Le t  us denote t h e  d i s t a n c e s  t o  two i n t e r s e c t i o n g  chords from t h e  
c e n t e r  o f  rhe  c i r c l e  t o  be 2 and i2,2s. shown i n  Figure 7 ,  and t h e  1 
ang le  between 9. and .t2 t o  be  !L;.t2, then t h e  a r e a  A can be expressed 1 2 
a s  a  func t ion  of  !L1, R2 and LA% I f  we p resen t  t h e  formula i n  a  12' 
normalized form s o  t h a t  t h e  a r e a  of t h e  c i r c l e  i s  u n i t y ,  then we have 
1 1  -1 h h 2A ( L ~ ,L ~ ,.t-a. ) = -I- f  g  s i n  .t-9, 4- s i n  (7j)-CZ) 1'[1-(h/2) 1)  (14a)1 2  n 2  1 2  
where L = 9. /R1 1  

L2 = .e2LR 

2
f = /(I-L ) - ( L ~- L~ cos .tA& ) / s i n  Z^I!1 1 2  1 2  
2 g = {(I-L?) 2 (L1 - L2 cos 9.-9. ) / s i n  iA%
- 1 2  1 2  -

' h  = J ( f 2 f g 2 + 2fg cos 9.;R2), 

and R i s  t h e  r a d i u s  of  the  c i r c l e .  
.. The t y p i c a l  geometr ica l  configurati 'ons of subaper tures  a r e  shown 
i n  Figure 8 and Figure  9 f o r  t h e  case  of  $>@ and $<@, r e spec t ive ly .  The 
d e f i n i t i o n  of  4 i s  se l f - ev iden t  i n  t h e  f igu res .  I t  i s  necessary  t o  
separa te .  t h e s e  two cases because i n  t h e  case  of I$>@ we can eva l ua t e  t h e  
a r e a  of t h e  subaper ture  1 and 6 bu t  no t  2 by us ing  t h e  formula Eq.(14); 
whereas i n  t h e  case  of  $<@ we can eva l ua t e  t h e  a r e a  of  t h e  subaper tures  
1 and 2 bu t  no t  6. S ince  t h e  a r e a  of t he ' subape r tu res  oppos i t e  of 
each o t he r  is t h e  s a d ,  we eva l ua t e  only  t h e  a r e a  of  t h r e e  subapdr tures .  
I n  o rde r  t o  eva lua te  t h e  a r e a  of t h e  t h i r d  subaperture;we 
eva l ua t e  t h e  t o t a l  a r e a  of  t h e  e f f e c t i v e  ape r t u r e ,  d i v i d e  t h i s  a r e a  by 
two, and t h e n  s u b t r a c t  t h e  ,a rea  of t h e  o t h e r  two subaper tures .  I f  we 
des igna te  t h e  displacement  of t h e  cen te r  of  t h e  image from t h a t  of t h e  
f r o n t  f a c e  by d,  then,  a f t e r  normalizing t h e  a r e a  of  t h e  t o t a l  e f f e c t i v e  
ape r t u r e  t o  un i ty  a t  8 = 0°, t h e  a r e a  of one-half of t h e  e f f e c t i v e  
ape r t u r e  is 
1 -1 - 2% = --[COS (26) - 26 J(1-46 1, (15) 
where 6 5 d/D-. The displacement d i s  expressed a s  a func t ion  of t h e  
ang le  of inc idence  a s  
s i n  8d = D.2 . 2d [ 2 ( ~-sin 8 ) ]  
We can a l s o  express  t h e  appropr i a t e  parameters which a r e  s u i t a b l e  f o r  
Eq.(14) i n d i r e c t l y  a s  a fuhc t ion  of 6 and @ and w e  have 
L = 2 s i n  $1 1' 

L2 = 2 s i n  Q
2' 

L = 2 	s i n  $ . (17c)3 3' 
%it3= 2 ~ - / 3- +I+ $3, (18a) 
i;e3 = 7113 + Q~ + $3, (18b) 
iii2= Ti13 - $I - Q2,  ( 1 8 ~ )  
where 
-1 4 s i n  +$ = t a n  +), .' 	 (18d)1 (1 - 6 cos 

-1 1+ 2 6 cos Q
*2 = tan - ~ 1 6 ,  	 ( 1 8 4(JS - 2 6 sinQ 

-1 i + 2 6 COS- 4
Q = t a n  + sin +) - ~ / 6 .  	 (18f)3 
Applying Eq.( l7)  and Eq.(18) t o  Eq.(14), we have symbolical ly t h e  
I 
a r e a  of 	the n-th subape-iture, kn; where n = 1 t c  6 ,  a s  i n  t h e  follor.ring: 
II f  Q > + ,  we have 
A = A  = A ( L  ( 1 9 41- 4 1. L3' 9.;L3)' , 
A = A- = A (L2 (19b)3 6 , L3' 9.p3) ' - A13 
- A = A = % - A ( L ~ ,L ~ ,,9.;e3), 	 (19 c) 2 5 
and i f  	$<Q, we have 
% = A4 = A (L1, L3, 9.-9.1 3) ,  (lOd) 
A = A = A (L1, L2, - A1, (19e)2 5 
' A3 = A6 = 4,- A cLl> L2, 11iR2) ' (19f) 
The formulae above were der ived  wi th  a n  i m p l i c i t  assumption t h a t  
Q i s  less than  60". However, t h e r e  i s  no need t o  modify t h e  formulae f o r '  
Q>60° b u t  only  t o  r e l a b e l  the ind ices .  It can b e  Shown t h a t  
A 
.n 
(+ = 60" + 8 )  = An + (@= 60" + 6) = A6-, (+ = 60" - 6) (20) 
f o r  n = 1, 2 and 3. 
V. EFFECTS OF RECESSED MOUNTING. 
The purpose of recessed  mounting of a r e t r o r e f l e c t o r  is t o  p r o t e c t  
t h e  r e t r o r e f l e c t o r  p a r t i a l l y  from t h e  s u n l i g h t  i n  t h e  1-unar envj.ronment 
and t o  reduce t h e  thermal g r a d i e n t s  i n  t h e  r e t r o r e f l e c t o r s .  
The recessed  mounting of a r e t r o r e f l e c t o r  a l s o  reduces t h e  
e f f e c t i v e  a p e r t u r e  f o r  off-axis  inc idence  of l i g h t ,  because t h e  e f f e c t i v e  
a p e r t u r e  i s  now determined by t h e  opening of t h e  cav i ty  and i t s  image. 
Modif icat ions are necessary  i n  t h e  formula t ion  of t h e  a rea  o f  subaper tures .  
~ h &  t h e  opening o f  new parameter i s  t h e  d i s t a n c e  between t h e  cen te r  of 
t h e  c a v i t y  and i t s  d i sp laced  image when viewed along t h e  d i r e c t i o n  of 
l i g h t  a s  shown i n  F igure  10. I f  we denote t h e  displacement by t ,  then  
. . 
t = d + D' t a n  8 (21) .  
where D' is t x i c e  t h e  cieprh of t h e  depression.  The h e l f  a r e a  f o r  e f f e c t i v e  
a p e r t u r e  i n  Pq. (15) i s .mod i f i ed  t o  be  
1. -14, = - [COS ( 2 ~ )- 2'C 1-' 4T ]
a 7 

where T 2 t / D .  
The geometr ica l  conf igu ra t ion  of  subaper ture  f o r  t h e  case o f  t h e  
recessed  mounting i s  shown i n  F igure  11. A new set of  ang les ,  $;, $; 
and JI' a r e  a l s o  c rea t ed .  3 
The equat ions  der ived  i n  t h e  previous s e c t i o n  a r e  s t i l l  v a l i d  
except  Eq. (17) which is modified t o  be  
-
(23a) 
2L2 = 2 d  + E - 2c cos (n /3  + +) s i n  (Y2 + u;) (23b) 
L = 2 4  + r 2 - 2c cos (113 - 4) (;) is i n  (Y3 ( 2 3 ~ ) 
3 

where 
1+ E C O S  @* 1 = cos-I [ I ,1 41 + E2 + 2~ cos Q 
1 - E cos (n/3 + 4)$; = cos-I [ I , 

X + E2 - 2 s  cos (rr13 + 4)  

1- E cos (n13 - Q) 

= cos [ I ,  
J1 + e2 - 2e cos (n/3 - 0) 
and E = D' t an  BID..' 
Notice t ha t  when the  depth of the depression becomes zero, 
Eq.(23) reduces to  Eq.(17) a s  expected. 
There a r e  three programs and two p lo t  routines wr i t ten  i n  Fortran 
IV, The f i r s t  one, calle.1 COXlSD, is t h e  program designed t o  yie ld  the 
complex amplitudes of the s i x  subapertures for  a l l  4~ and 8. The second 
one, cal led AREATAA, has two tasks.  The f i r s t  task i s  to  evaluate the 
areas of . . The second task is t o  y i e ld  the cen t ra l  the subapertures. 
i r radiance of the d i f f rac t ion  pa t te rn  by summing over the 'products 
of the  areas of the  subapertures with the corresponding complex 
amplitudes. It a l so  talces care  of the  cos8 e f fec t .  The th i rd  program, 
cal led AREANB, evaluates the area of subapertures for  the case of 
recessed mounting. 
The , f i r s t  p lot  routine,  called PLOTND, p lo t s  the cen t ra l  
i r radiance versus Q with G a s  a parameter, whereas the other one, 
cal led LR3INT, p lo t s  the cen t ra l  i r radiance versus '8 with Q as  a 
parameter. A l l  programs a r e  presented i n  the Appendix. 
V I I .  RESULTS. 
The r e s u l t s  a r e  shownlin F igure  12 t o  F igure  19. We assumed.an 
index of  r e f r a c t i o n  of  1.4554 1.7hich i s  t h e  index of  fused s i l i c a  a t  6943A. 
Various p o l a r i z a t i o n s  a r e  assumed f o r  t h e  i n c i den t  l i g h t .  
The r e s u l t s  f o r  a  depth of  depress ion  of 0.5, which i s  measured 
by tak ing  t h e  r a t i o  of  t h e  depth  t o  t h e  diameter ,  a r e  presented  
along wi th  those  of t h e  non-recessed mounting. Depths of  depress ion  of  
0.3 and 0.4 a r e  a l s o  considered f o r  4 = 0" a?.d 60 ' ;  t hese  r e s u l t s  a r e  
conpared w i t h  o the r s .  
As  an e x t r a  comparison, t h e  r e s u l t s  from a r e t r o r e f l e c t o r  w i th  
a full t r i a n gu l a r  f a c e  a r e  a l s o  presented  f o r  4 = O0 and 60' i n  Figure 20. 
IVLII. CONCLUSION AND DISCUSSION. 
1 
We hzve developed a computer program t h a t  is capable of  c a l cu l a t i ng  
t h e  c e n t r a l  i r r a d i a n c e  of  t h e  d i f f r a c t i o n  p a t t e r n  of r e t r o r e f l e c t o r s  f o r  a l l  
$ and 8. Th i s  program can b e  expanded t o  eva l ua t e  t h e  d e t a i l e d  d i f f r a c t i o n  
p a t t e r n  i n s t e ad  of  only t h e  c e n t r a l - i r r a d i a n c e .  
' The d e t a i l e d  d i f f r a c t i o n  p a t t e r n  can b e  eva lua ted  e i t h e r  nm e r i -  
c a l l y  ( f a s t  Four ier  t ransform) o r  a n a l y t i c a l l y .  The t a s k  i s  a  l a rge .  
p r o j e c t  i n  i t s e l f .  We do n o t  p l an  t o  undertake t h e  t a s k  u n t i l  a  s p e c i f i c  
need a r i s e s .  
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1. 	 Representa t ive  views of  a  r e t r o r e f l & c t o r .  
2. 	 I l l u s t r a t i o n  of  t h e  ang le  of  inc idence  8 and t h e  azimuth ang le  $. 
3. 	 The e f f e c t i v e  a p e r t u r e  and t h e  subaper tures  of  a  r e t r o r e f l e c t o r  

f o r  normal inc idence  of l i g h t .  

4.  	 Unit  vec to r s  involved i n  t h e  r e f l e c t i o n  of  a  r a y  by a  plane. 
5.  	 Three-dimensional i l l u s t r a t i o n  of ray- t race  i n  a  r e t r o r e f l e c t o r .  
6. 	 The e f f e c t i v e  a p e r t u r e  and t h e  subaper tures  o f  a r e t r o r e f l e c t o r  

f o r  of f -ax is  inc idence  of  l i g h t .  

7. 	 A subape r tu re  i n  i t s  b a s i c  form. 
8. 	 A t y p i c a l  geometr ica l  conf igu ra t ion  o f  subaper tures  f o r  $>$. 
9. 	 A t y p i c a l  geometr ica l  conf igu ra t ion  of  subaper tures  f o r  $<$. 
10. 	 The e f f e c t  of  t h e  recessed  mounting of  a  r e t r o r e f l e c t o r  on t h e  
e f f e c t i v e  ape r tu re .  
11. 	 A t y p i c a l  geometr ica l  conf igu ra t ion  of subaper tures  of  a r e t r o -
r e f l e c t o r  mounted i n  a  cav i ty .  
12. 	 Normalized c e n t r a l  i r r a d i a n c e  p l o t t e d  ve r sus  azimuth ang le  f o r  
va r ious  angles  of inc idence  of  l i g h t  which i s  l i n e a r l y  po la r i zed  
i n  p- d i r e c t i o n .  
13. 	 The same a s  F igure  1 2  except  tlie p o l a r i z a t i o n  of l i g h t  i s  i n  s-
d i r e c t i o n .  
14. 	 The same a s  F igure  1 2  except  t h e  p o l a r i z a t i o n  of  l i g h t  i s  c i r c u l a r .  
15. 	 The same a s  Figure 12 except  t h e  r e t r o r e f l e c t o r  is mounted i n  a  
cavi ty .  The depth of t h e  depress ion  i s  one-half of t h e  diameter  
o f  t h e  f r o n t  face.  
16. 	 The same a s  F igure  15  except  t h e  p o l a r i z a t i o n  of  l i g h t  i s  i n  s-
direction. 
17. 	 The same a s  Figure 15  except  the  p o l a r i z a t i o n  of  l i g h t  i s  c i r c u l a r .  
18. 	 Normalized c e n t r a l  i r r a d i a n c e  i s  p l o t t e d  versus  8 f o r  4 = 0'. The 
depth of t h e  depress ion  i s  expressed i n  t h e  u n i t  o f  t h e  diameter  
of t h e  f r o n t  f a c t .  
Figu re  
19. 	 The same as F igu re  1 8  except  $ = 60". 
20. 	 Normalized c e n t r a l  i r r a d i a i l c e  from a x e t r o r e f l e c t o r  wit11 f u l l  
t r i a n g u l a r  f a c e  i s  p l o t t e d  v e r s u s  9 f o r  $ = So and 60". The 
i n t e r n a l  t o t a l  r e f l e c t i o n  f a i l s  a t  e = 16.6' f o r  4 = 0'. 
APPENDIX 

$EXECUTE YRJOR 

$ID CHANC*205/05/154*3M*0?9P*6nOOc*LR~ 

COMY3N X N ( ~ ) ~ X K K ( ~ ) ~ D P ( ~ ~ V S S ( ? )  

COMMON BRPIRBS 

COMPLEX B R P I B R S ~ C P ~ C ~ ~ A P ~ A S ~ B P ~ B S ~  

REAL JPHI 

DIMENSION XK(3)9P(3195(3) 

11 FORMAT(~OH~AZIMUTH =~FGalr?X~7HDFGREES) 

1'3 FORMAT (1H 9 I ' Z ~ ~ X - , Z F ~ ~ . ~ ~ ~ X P ~ E I 
4e5) 

14 F O R M A T ( F ~ ~ ~ ~ F ~ O O I I P P ~ E ~ ~ ~ ~ )  

15 FORMAT(1H ~ ~ X ~ ~ H T ~ Z ~ X P ~ H C P ~ ~ ~ X ~ ~ H C S ~  

21 FORMAT(8H0THETA =~F~PZ,~HDFGRFES) 

YIN=to4554 

SQZ=SQRT( 2.e ) 

SQ3=CORT('? OJ 

PI=3.1415Q3 

THIRTY=PI/6a 

RAC=PI /180. 

DO 40 IS=19.2 

AP=[lo $OD.) 

AS=(Oa sla) 

PIS=IS-1 

SYS=7-,IS 

AP=AP*PI S.. 

AS=AS*SI S 

DO 10 lPWT=19I7 

JPHI=(7?HI-1)*75 

JPHI=JDHI/lOe 

PUT-JPHI 

PHI=PHT*RkC ' 

WRITE(6911) JPHI ' 

COP=COS(PHI) 

SIP=SIN(DHI) 

PJD=PHT-THIRTY 

PTS=PHI+THIRTY 

COSD=COS(PTD) ' 

SIND=SIN(PTD) 

COSS=COS(PTS) 

SINS=SIN(PTS) 

DO 20 MAW=1941s2 

DAN=MAN-1 

RAN-DANSRAC 

WRITE(0921) DAN 

WR1T.E (6~15) 

COEX=COS(QAN) 

SIEX=STN(RAN) 

STIN=SIEX/YIN 

COTN=SORT(l.-SIIN*STTN) 

FIT0 =YIhl*COTM/rOFX 

IF(MAN-1 I 30.911c?0 

30 T I N P = ~ . , * c o E X / ( Y I N * C O ~ X + C O - T M )  

TOUP=TINP*F-TTO 

T I N S = Z a ~ C O E X / ( C O E X + Y T N * . C O I N ITOUS=TINS*FTTO 

GO TO 75 

31 TIi$P=Ze/(l e+YIN) 

TINS=TIPIP 

TOOP=TINP*YIN . 

3 5  CONTTWlIF: 
-	 CODR?=COT hl/.S0'? 

S I D R 3 = S I  T N / S 3 ?  

R O T O T = S 0 ? / 5 0 3  

XK( l )= - (CODR3+SfnR?* ; rOP*SQ7 ' )  

X K ( ~ ) = - ( C O D R ? + S T D R ~ * < I N D ~ S ~ ~ )  
X K ( ~ ) = - ( C O D R ~ - S ~ D R ~ * < I N S * S ~ ~ )  
P(l)~=SIDR3-502*CODR3xCOP . 
P ( ~ ) = S T . D Q ~ - S Q ~ * C ~ ~ R ? * S I N D  
P(~)=SFDQX+SQ~*CODR?*SINS 
S ( 1 )  =-ROTOTSS-IP 

S (2 )=ROTnT*COSD 

S(3)=-POPOT*COSS 

RP=AP*TTMP 

RS=AS*TTNS 

IG=O 

2 0 0  	DO 7 1 0  L=1,3  
XKK ( L).=XY (.L) 
P P ( L ) = P ( L )  
S S ( L ) = S ( L )  
2 1 0  	CONTTNUF 
RF)P=RP 
BRS=RS 
2 5 0  CONTYNIJE 
' X N ( I ) = l e  
X N ( 2 ) = 0 ,  
X N ( 3 ) = O e  
CALL. R F F  
X N ( 2 ) = l o  
CALL. QFF 
X N ( ' 3 ) = 1 o  
C A L L  R F F  
GO T n  700 
?,qn 	 COMTIRl !F  
X N ( 2 ) z l o  
CALL. R F F  
X N ( 1 ) = 1 e  
C A L L  R F F  
X N ( 3 ) = 1 e  
C A L L  R F F  
GO TO 700 
3 5 0  ,CONTT NlJF 
XN(2).=1. 
C A L L  R F F  
X N t 3 ) = l o  
CALI. R F F  
X N ( l ) = l o  
C A L L  R F F  
GO T n  Ton  
400 	C O N T I N l l F  
X N ( 3 ) = l e  
CALI. R F F  
X N ( 2 ) = 1 *  
CALI. RFF 
X N ( l ) = l o  
ChLi .  R F F  
GO TO 700 
G 5 0  	TnNT TklIIF 
m~.d!M'3&-?+aT 
- ~ 
XI.l(l)=lc 

CALL. RFF 

XN(2)=lo 

CALL RFF 

GO TO 70n' 

500 CONTINUE /.'I-

XN(l)=lo 

CALI. RFF 

XN(3)=1o 

CALL REF 

XN(2)=lo 

CALL..REF 

GO T.n 70n 

. 700 CONTiNUE 
QC=PP(~)*P(~)+PP(~)*P(~)+PB(~);P(~) 

QS=SS(l)*P(I)+SS(2)*P(2')+SS(3)*P(3) 

CP= (BBP*OC+GRS*QS.)-*TOUP 

CS=(RRS*OC-RSP*OS)*TnUS 

WRYTE(6>131 IG9CPpCS 

WRITE (7914) J P H I ~ D A ~ I ~ I G ~ C P ~ C S  

GO TO 200 

550 CONTINUE 

2 6  CONTINIIE 

iO CONTY NUE 

40 CONTINUE 

STOP 

'END 

GIBFTC REFLE NODECK 

SUBROUTINE REF 

COMMON X N ( ~ ) , X K K ( ~ ) S P P ( ~ ) ~ S S ( ~ )  

COMMON ERnpi3RS 

COMPLEX R S P ~ B E S ~ C P ~ C ~ ~ D E P ~ N O P ~ V F S ~ N O S  

. . 
DIMENSTOM PN(3)pSN(q) 

YIN=.lo&55& 

7SN=lo/YYh! 

ZIN2=ZYN*ZIN 

COAL=Oe 

DO 600 L=1 P? 

COAL=COAL+XN(Ll*XKKfL) 

600 	CONTINUE 

COAL=-COAL 

SYAL=SORT(le-COAL"COAL) 

DO 501 L - 1 ~ 3  

. PN~L)=(COAL*XKK(Ll+Xhl(L~i/trAL 
601 CONTTNUE 	 .-
S N ( ~ ) = ( X K K ( ~ ) * X N ( ~ ) - X K K ( ~ ) ~ X N ( ~ ) ) / S I A L  

S N ( ~ ) = ( X K K ( ~ ) * X N ( I ) - X K K I ~ ) * X N ( ~ ) ) / S I A L  

S N ( ~ ) = ( X K K ( ~ ) * X N ( ~ ~ - X K K ( ~ ) . Z ~ X N ( I ) ~ ) / S ~ A L  

Q C = P N ( P ) * P P ( ~ ) + P N ( ~ ) + ? P P ( ~ ) + P N ( ~ ) + P P ( ~ )  
Q S = P N ( ~ ) ~ ~ S S ( ~ ) + P N ( ~ ) ~ S S ( ~ ) + P N ( ~ ) * S ~ ( ~ - ~  

CP=RpP*QC+RRS+QS 

CS=HSS*QC-RRP*OS . 

IFtSIkL-ZTNI 602~602e607 

662 CONTINUE 

ALPHA=&RCOS COAL I 

RATA=ARSTN(STAL+YTNV 

STH=ALDH~+RATP 

DTH=ALPHA-mi-A 

KP=TAN ( DIM) /ThN ( STHI 
HRP=RP*CP 

BBS=%S*CS 

GO TO 607 

607 COM=SORT(SIAL+SIAL-ZTN2) 
ZINC=ZIN7*COAL 
DEP=CMPLXIZTNC9CnM) 
DES=CYPLX(COALrCOM) 
NOS=CONJG(DFS) 
NOP=CONJG ( QFP I 
BBP=CP*NOP/OEP . 
RRS=CS*NOS/DES 
603 CONTTNUE 

DO 609 L-193 

N=XN(LI 

TF (N-0.) 6109.6109611 

611 XKK(L)=-XKK(L) 

610 SS(L.)=SN(L)' 

PP(L-)=(xN(L)-COAL*XKK(LI)/STAL 

XN ( i . ) = O e  
609 CONTINIJE 

RETlJRPl 
END 

SFXECUTE iRJOR 
B I D
.-
C H A N C ~ ~ ~ ~ / O ~ / ~ ~ ~ * ~ M + ~ C , O O P % ~ Q ~ C ~ R $  
R 1 . ~ ~ 0 8  GO o MAP 
S ~ R F T CARF.ANA LISTSNODFCK 
COMPLEX C P ( 6 ) c C c ( 6 ) 9 P P e A S  

REAL JPHT 

2 0  CONTINUE 
IF( 61.0-JPHI)  3 0 ~ 3 1 9 3 1  
3 0  P H Y = 1 2 0 e - J P H I  
GO TO 3 2  
3 1  P H I = J P H I  
3 2  CON.TINUE 
RAN=DAY*okC-
. PHT=PHY*RAC 
S!NAN=Sl-N(RAN) 
COSAN=COS(RAN) 
D = S ~ N A N / ( S ~ ~ * S O Q Tf YImlS-SY N A N W ) ) 
DD=2.*O. I 
AHAL.F= ( ARCOS I DD -DD*CORT I l 'o-DD*DD) 1  / P I  
DCOP=COS(PHI ) *D  
DSTP.=SIN(PHI . ) *D 
A=, 5+DCOP 
B = S 0 3 * a 5 - D S I P  
C=R+?o*D.STP 
AOR=A/R 
AOC=A/C 
U N T Q = D S I D / (  1.-DCOP) 
' P S I = A T A N (  AOP) 
P S I I - A T A N ( U N I 0 )  
P S I Z = P S I - T H I R T Y  
. P S I 3 = A T A N ( A O C ) - T H I R T Y  
E L 1 = 2 e * S Y N ( P S I i I  
E L 2 = 2 e * S I N f P S I Z 1  
E L 3 = 2 e * S Y N ( P S T ? )  
A N G l = S I X T Y + P S I I - D S T ?  
h N G ? 3 = P I - h N G 1  
ARC1 ) = b Q F A (  E i l 9 . C L 3 r A h l G Z 3 1  
IF~PSI-PHI) l n 0 9 1 0 f l s l l f l  
. 1 1 0  F\NGZ=STXTY+PST?+PS~? 
A R F A I ~ = A R S A ( E L ~ Q . F L ~ ~4NG2)  
' A R ( 2 ) = A H A L F - h R F A l 3  
ARI2)=ARFA12-AR(l) 

AR(3)=AHALF-AREA12 

I20 CONTYNUE 

IF(hPe-JPHT) 44541r49 

40 CONTINlJE 

AR(5)=AR(P) 

'AR(4)=AR(21 

ARIC )=AR(?) 

ARfll=AR(4) 

AR(Z)=ARf5) 

GO TO 131 

41 CONTINUE 

. DO 130 L=Io3 

M=3+L 

. AR(M)=AR(C) 

-130 CONTINtIF 

131 CONTTNUE 

AP=(Oa900) 

AS=(OeqOe) 

DO 140 L-196 

AP=AP+CP(LI*AR(L)*CO~AW 

AS=AS+CS(L)*AR(L)*COSAN . 

140 CONTINUE 

TEN=CABS(AP) * *2+CABS(AS) * *7  
YF(DAM-0,5) 16051509p50 

I60 CEN=TEN 

WRITE' (6912) JPHI 

WRITE(h9lh). 

150 TEMN=TFN/CEN 
WRYTE(6913) D A N ~ T E N N ~ T E N P A P ~ A S ~ A R ( ~ ) ~ A R ~ Z ) ~ A R ( ~ ' )  
\ + R i T ~ [ i e 1 5 j  JFHi?DkN17ENN~TEP! 
GO TO 10 
STOP 
END 
BIBFTC SUBA NODECK 
FUNCTION AREA~X~YPANG) 
P I=30 141593 
CAN=COS(ANG )  
SAN=STNfhNG) 
C = S O R T ( l o - X * X ) - ( Y - X * r A N ) / S b I \ I  
D=SQRTIlD-Y*Y)-fX-Y*rhN)/SnN 

E=SORT(C~C+D*D+~.*D*C*CAN)/~~ 

A R E A = ( C * D * S A N / ~ ~ + A R S ~ N ~ E I - E * ~ O R T ( ~ O - E * F : ~ ) / ~ ~  

RETURN 

FND 

I 
BEXECUTF IRJOR 

BID CHANG+2~5/05/157*3M*50OP*999C~BS 

BIBJOR GOvMAP 

STBFTC AREANB LISTINODECK 

COMPLEX CP(b)rCS(bipAPsAS 

REAL. JPHY 

DIMENSIOY AR(6) 

12 FORMATIlOHlAZIMUTH =9F60197X97HDFGREES9 

.17 FORMATCIH9 4 5 X , ~ 5 ~ 1 ~ ~ 4 ~ O 9 
1794~1709) 

YYN$=l,b554**2 

SQ2=SQRT(7.) . 

S03=SQRT(3e) 

Pf=3e141593 

RAC=Pi/lROe 

THIRTY=PI /6c 

SIXTY=PI/Sc 

10 DO 20 L=196 

READ(5914) J P H ~ ~ D A N ~ T G ~ C P ( L )  
~CS(L) 

20 CONTINIJF 

YFf6Po-JPHIJ 30931999 

30 PHf=120e-JPHI 

GQ Ti) 3 2  

31 PHIcJPHI 

32 CONTTNUF 

RAN=DAN*RAC 

PHI=PHI*RAC 

Si%kN=Sil<(RaN) 

COSAN=CO< (RAN) 

D=SYI.JAN/(SQ~*SORT(YYFIS-SIN AN**^ ) 
EP=TAN(RAN) 1.20 

DD=Zo*fD+EP) 

IF(DD-le) 5+5910 

5 CONTTNUE 

AHALF=(ARCOS(Dn)-DD*~QRT(l,-D?*DD))YPI 

DCOP=COS(PHI)*D 

DSZP=SIN(PHI)+D 

A= e  5aDCOP 

H=sQ~*.~~DSIP 

C=R+2c*DSYP 

AOR=A/R

aoc=n/c 

UN.YQ=DSIP/(le-DCOP) 

PSY=ATAN(AOR) 

PSTl=ATAhl(UNYO) 

PSI2=PSI.:THIRTY 

PSI3=ATAN(AOC!-THIRTY 

CI=SQRT(3 .~-EP~EP+Z~*FP*COS(PHI
1 
SPS=SI XTY+PHY 

C2=S3RT(1e+EP*E.~-2e*cP*COS(SPS) 

SPD=SIXTY-PHI 

C~=SORT(I,+EP*EP-~.*FP*COS(SP~)~ .I 
PPI~=(
ls+~~fic.os(P~i~))/ci 

PPI1=ARCOS(PPIlI .. 

P P I ~ = (  /c2
1 6 - ~ ~ * ~ ~ ~ ( ~ ~ ~ ) ~ ~  

PPIZ=ARCnS(PPI2 

PPI3=(1,-FP*COS(SPDj}iC? 

PPY3=hRCOS(PPI3\ 

E L ~ = z ~ * c ~ ~ s I ~ ~ I P ~ ? ~ + F P ~ I )  

EL2=2e*CZ*SINIDSI2+PDI2) 

EL7=7o+C?%SIN(?S.Y3+Pof3)  

A N G I = S T X T Y + P S I 1 - P S I 3  

ANG23=PI-ANG1 

h R ( 1  ) = A R E A ~ E L ~ I E L ~ ~ A N G ~ ~ ~  

Y F ( P S 1 - P I i l )  1 0 0 9 1 0 0 e . l f O  

1 1 0  ANG2=STXTY+PSIZ+PSI3  
AREA13=AREA(EL29EL38ANG2) 

AR 12'j=AHALF-ARFA7.7 

A R f 3 ) = A R F A 1 3 - A R ( l )  

GO TO 1 2 0  

1 0 0  A N G 3 = S I X f Y - P S . I f - P S I 7  
AREAlZ=AREAfELlsFL29ANG3) 

A R ( 2 ) = 4 R F A 1 2 - A R ( I )  
AR ( 3 )  =&HALF-AREA12 
5 2 0  CONTINUE . 
P F ( 6 X a - J P H I ) . 4 0 ~ 4 1 9 4 1  
4 0  CONTINUE . 

A R ( 5 ) = A R ( P I  

A R t 4 ) = A R ( S )  . 

A R ( 6 ) = k R 1 3 )  

AR ( 19-=AR('4) 

ARC2)=AR(5. )  

GO TO 3.31 

4 1  CONTFNIJE 

DO 1 3 0  L = l e 3  

M-3+L 

A R I M ) = A R ( L )  

1 3 0  CONTINUE 
:;I	<S,~T..r l h*ktE 
AP.;(Oo90a) 
' . A S = ( O o e O , )  
DO 1 4 0  L=196 .. 

PF=AD+CP(L ) .+bR(L )*Cf'<AN 

A S = A S + C S ( L ) * 4 R ( L ) * C O c A N  

1.40 	 CONTINI IE 
'TEN=CABS(AP)**Z+CARSfAS)**7 

I F ( D A N - O o 5 i  . I 6 0 9 1 5 0 9 1 5 0  
1 6 0  CEN=TEN 
WRITE ( 6 9 1 2 )  J P H f  
\ d R I T E ( h e l h )  
1 5 0  TENN=TFN./CFN 
W R I T E ( 6 9 1 3 )  D A N ~ T E N N ~ T . E N ~ A P ~ A S ~ A Q ( ~ ) ~ . A R ( ~ ) ~ A R ( ~ )  
STOP 

FN0 

SEXECUT E YBJOR 

$ID CHANG*2-5/,5;157*3M*GGGPS
$* PLOT TAPE = R5 
-$a PLOT AFTER RUN 
$+ RELFASE AFTFR PLOT 
SPAUSE 
RIRJOB 'GO MAP 
SYBFIC PLOTNO 
DIMENSION X ( ~ O I Q O A N ( ~ ~ ) ~ T E N N ( ~ W ~ ) ~ Y ( ~ O )  

DIMENSTON D(100n) 

10 FORMAT(4EZOo9) . 

M=17 

M=l0 

CALL PLOTSfDsln001 

CALL PLOTC(0o 9-11e 9 - 2 )  

PALL PI-OTC('0.0
9 0 5 9-3 
X(Nil)=Oo

X(-N+.2)=20, 

YIPI+l]'=O, 

Y(N+2)=.0.1 

DO 1.04 K=lv2 

KK=2R-7+K 

F=K-1 
F=F/2o 

DO 105 KP='19 2 

DO I=I,N 

DO 101:. Jsl p KK 

READ (599.0) X(Tl9DAN'(2I9TENN(Y9J)9TEN 

101 .CONTINUE . . 
100 CONTTNUE 

DO i C Z  J=isM 

THE=DAN ( J I . , 

DO 103 t=19N. 

Y(TI=TENN(IUJI 

103 CONTINUE 
 ' 
.CALL LINF fX9YpNslcO~O) 

CALL WHERF(A991 

A=t5b5 

CALL. N U Y R F R ( A ~ R ~ ~ ~ ~ T H E ~ O ~ ~ ~ )  

CALL A X ~ S ~ O o 9 0 0 p 9 H I N ~ E N 5 1 T ~ ~ 9 9 1 0 0 ~ 9 0 e ~ Y ~ N + l ) r Y ~ ~ i 2 ~ l  

CALL AXIS(6e90091H 9-1 r l ' O o e 9 0 o 9 Y ( N + l ) s ~ 7 ~ + 2 ~ ' )  

GO TO (lf09111)eKP . 

110 CALL SYMROL(o599e59-a7913HAP = OsPS = Y900913) 

GO TO 112 - ' 

CALL SYMROL(o599e5ro7913HAP = 1sAS = I90as13) 

111 CALL SYMROL(e5~9o5rs79131~ " l9B.S = OsOo913) 

112 CONTTNUE 

- CALL 5YM40L(305s90590298HLOU\lFR =roo981 

CALL WHERE ( A 9R 1 

A=A+c 3 

CALL NUM8ER(As9o59a2oF*Oc91) 

CALL PLOTC(1OoeOe.s-3) 

105 CONTI.NUE 

104 CONTiNUE 

CALL PiOTC(0909999! 

STOP 

END 

$EXECUTE T.BJOE 
$.ID CHANG'+205/05/157*5MS 
$6 PLOT TAPE = R5 
%+ PLOT AFTER RUN 
$* RFLEASE AFTFR PLOT 
BPAUSE 
$IBJOR GO9MAP 
BIRFTC LR3TNT 
.DIMENSION D(1000).~ X(1001p Y(fO0) 

15 FORMAT(4F7no9) 

REAL JPHT ' 

L=17 

C L IS T-HE NOc OF JPHIo 

CALL PLOTS f D91000,) 

CALL P L O P C ( O ~ ~ - ~ I ~ E - ~ )  

CALL PLOTC(Oo92oq-3) 

DO 40 M=192 

N=21-7*(M-1) 

AM=M 

AM=(AM-lo l / 2 ~  

Xt=8o-4c*AM 

YL=XL+3e . 

Do 20 J=192 

C J 	IS THE POLARIZATION ?NDEXo J=1. FOR (AP=09AS=I)sJ=2 FOR ( A P = ~ ~ A S = O )  
DO 30 TT=lsL 
ao lo I = P + N  
READ(5915) .JPHI~.X(I)~Y(Y)~;EN 
10 	CONTINUE' 

X(N+l)=O* 

X(N+2)=5, 

. Y(N+l)=O., . 

Y(N+29=~.2 

CALL. AXIS- (Oe90.914H~HETA(nEGREES)9-i49XL9O.eX(N+l)eX!N+2)l 

CALL AXIS ( 0 s ~ 0 ~ 9 9 H T h ~ T E N S I T Y r 9 ~ 5 , ~ 9 0 0 
9Y(N+1) 9Y(N-+2) 1 

CALL.SY~~ROL( l e 5 ~ 7 ~ ~ 0 2 5 ; 2 0 ~ P 0 L A R Y Z A T I O N 
APIA5 =900920) 

CALL WHERF (A981 

A=A+o 5 

IF(J*EOa2) GO TO 50 . 

CALL SYMROL (A97.9.25.93HO/I90~93) 

GO TO 51 

50 CALL SYMROL (A97c9e2593H1/090e93) 

51 C ~ N T T N U E  

CALL SYMROL (lo59705902599HAZYMUTH =90099) 

CALL WHERF (A9R) 

A=A+-Oa3 

F=JPM? 

CALL NIJMRER (A970590359F90691) 

CALL SYMSOL (105.96e$9 0 2598I-!LO(IVEP =so. 9 8 )  

CALL WHERE (A981 

A=A+Oo7. : 

CALL NUMSER (A~bo59a459AMsne91) 

CALL LINF (X9YqN9f9Op0)

CALL PLOTC(YL90e~-31 

30 CONTINUE 

20 CONTINUE 

40 CONTTNlJE . . 

. CALI. PLOTC(0 909'399.) 

STOP 

. END 

Fig. 1 

Representative vie~rs of a retror- mflector. 

-Axis of Symmetry 

I l l u s t r a t i o n  o f  t h e  angle of inc idence  8 and t h e  azimuth angle  +. 
The e f f e c t i v e  ape r t u r e  and t h e  subape r tu res  of  
a  r e t r o r e f l e c t o r  f o r  normal inc idence  of  l i g h t .  
incident Rayr-
Plane of Weflee.Bic?n 
Unit vectors involved i n  the  r e f l ec t ion  of a ray by a plane. 
Fig. 5 
Three-dimensional i l l u s t r a t i o n  of ray- t race  i n  a r e t r o r e f l e c t o r .  
Effec.tive Light Ray 

Fig. (5 
"I'fie effective aperture an6. the subapertures 05a ' 
retroreflector for off-axis incidence of light. 
Fig. 7 

A subaperture i n  i t s  basic f om .  
Fig. 8 
A. t y p i c a l  g eone t r i c a l  conf igura t ion  of subaper tures  f o r  I$>$. 
Fig. 9 
A t y p i c a l  g eone t r i c a l  conf igu ra t ion  of subaper tures  f o r  $<@. 
Fig. IG 
The e f f e c t  of  t h e  recessed  mounting of  2 r e t r o r e f l e c t o r  on t h e  e f r e c t i v e  ape r tu re .  
A t y p i c a l  geometr ica l  conf igu ra t ion  of  subaper tures  
of a r e t r o r e f l e c t o r  mounted i n  a cav i ty .  
Fig. 12 
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Tile ronw as Flgure 12 c r c c p r  rl ic  rerrorcflcctor is  nouarcd i n  3 cav i t y .  
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rne s.mc nb ~ l g u r ~15 c*cept the po~ariiarsooof ligllt is circular. 
FRONT FACE : INSCRIBED CIRCLE 
POLARIZATION : s 
AZIMUTH ANGLE +=(I0 
DEPRESSION = 0 
DEPRESSIOI\J = 0.4 
DEQRESSIOIQ = 0.5 
Q 

Fig. 18 
Namalized c en t r a l  irradi-lnce i s  p lo t t ed  ;ersus 0 for $ = 0'. The depth of 
the depresn~on is exprcs;+d i n  the unxt of the diameter o f  the front face. 
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The as F i g t ~ r e18 except + GO0. 
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FRONTFACE : FULL TRIANGLE 
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Internal Total Reflection Fails 
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Fig. 20 
Nomalized central irrndiance front a rctrorefleclor with Eull 

triangular face is plotrcd versus "for $ = 0' and 609. The 

inictnal total  reflcctlon f a i l s  at '% =. Ib.G0.fbr 4 = 0". 
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A l i m i t  on the angle of incidence i s  imposed on a  so l id  re t ro-  
r e f l ec to r  with uncoated back surfaces because of the possible f a i l u r e  
of t o t a l  ref lect ion.  An expression i s  deriyed for  the  c r i t i c a l  angle 
of incidence as a  function of the  index of re f rac t ion  and the azimuth 
angle. The c r i t i c a l  angle is the angle a t  which the t o t a l  r e f l ec t ion  
i n i t i a l l y  f a i l s .  
The index of re f rac t ion  must be greater  than a = 1.23 i f  
we intend to u t i l i z e  the t o t a l  re f lec t ion  i n  a  re t roref lec tor .  On 
the other extreme, i f  the  index of re f rac t ion  is grea te r  than 
J(3 + 45) = 2.18 the r e t ro re f l ec to r  w i l l  r e t a i n  i t s  re f lec t ing  
property a t  al-1 angles of incidence. 
THE POSSIBLE FAILURE OF TOTAL REFLECTION 

I N  AN UNCOATED SOLID RETROREFLECTOR 

I. INTRODUCTION. 
In  t h i s  report  we w i l l  presenc the analysis on the conditions 
of the  angle of incidence of a l i g h t  ray when the ' internal t o t a l  re-
f l ec t ion  f a i l s  i n  an uncoated so l id  re'troGeflector. When a retro-
r e f l ec to r  is used, especially for  off-axis incidence of l i g h t ,  the 
f a i l u r e  of t o t a l  re f lec t ion  w i l l ,  l i m i t  the angle of incidence of 
l i gh t .  
In tu i t ive ly ,  we know t h a t  t he  higher index of re f rac t ion  of 
I 
the glass  would reduce the l ikelihood of t he  f a i l u r e  of the  t o t a l  re-
I 
f lec t ion ;  consequently a l a rge r  angle of incidence is attained before 
.-.. 
the re t roref lec tor  loses  i t s  re f lec t ing  properties.  Rityne has pre- 
sented a f igure  of maximum permissible angle a t  which a re t roref lec tor  
1
re t a ins  i ts  re f lec t ing  proper t ies  . However, he has not reported any 
d e t a i l s  beyond tha t  s ing le  figure.  
We have studied the same subject  independently, i n  connection 
3
with the LR experiment 2-5. We w i l l  discuss i n  d e t ~ i l  how the 
f a i l u r e  o c c u ~ s  and how the index oE re f rac t ion  a f fec t s  the l a rges t  
permissible angle. 
21. ANALYSIS, 
A re t roref lec tor  can be bas ica l ly  represented by three mutu?lly 
perpendicular re f lec t ing  planes. Let us consider a r e t ro re f l ec to r  as  
shown i n  Figure l ( a ) ;  we can designate the back edges GA, GB, and -0C 

as'. the x-, y-, and z-axis of a rectangular coordinate system. 

-1 

. The.angles of incidence a t  the plane I, 11, and I11 a r e  cos v., 
-1 
cos m, and cos-In, respectively,  fo r  the  incident rays r.~hose direct ion 

cosines a r e  (-2, -m, -n) within the glass.  I f  the ray,  which a r r ives  

a t  plane I f a i l s  i n t e rna l  t o t a l  re f lec t ion ,  then, 

s i n  (cos-'2) = Q2 +, 
where-N i s  the index of re f rac t ion  of the  glass.  The angle of incidence 
-1
a t  the  plane I i s  always cos 2,even though the ray has been ref lected 

previously by other planes; the process of r e f l ec t ion  only a l t e r s  the 

s ign of an appropriate component of the  direct ion cosines because the 

normals of the planes a r e  i n  x-, y-, and z-direction. 

A l l  rays sa t i s fy ing  the condition ir. Eq.(l) woul& i i e  i n  a cone 

whose half-angle i s  

around x-axis. Similar cones can be constructed around y- and z-axis. 
With the cone of f a i l u re  defined as  above, we can evaluate the l a rges t  
angle of incidence allowed, which we w i l l  c a l l  c r i t i c a l  angle of inci-  
dence from here on, outside the glass  before the f a i l u r e  of i n t e rna l  
t o t a l  re f lec t ion  occurs. The angle of incidence of Che ray r e l a t i ve  t o  a 
re t roref lec tor  is measured from the axis  of symmetry. (A detal led 
def in i t ion .of . the  angle of incidence can be found i n  reference 6.) 
It has been shown tha t  within the glass  the x-component of 'the 
. direct ion cosines i s  expressed i n  terms of the  angle of incidence e and 
the azimuth angle 4 as6 .  
8 = -1. (COS e. i- JT tos  4 s i n  e ) .  (3 )
J5 

Here we r e s t r i c t  the azimuth angle 4 t o  be between -GO0 and GO0 ;  be-
cause we can always reduce an1 azimuth angle i n t o  t ha t  region i f  we 
I 
choose the cone of f a i l u r e  around an appropriate axis .  
Combining Eq, (1) , Eq. (3) and Snel l '  s law, 
s i n  8, = N s i n  8 ,  ( 4 )  
we can solve f o r  s i n  8, and obtain 
s i n  8 , ~  (KJN- cos 4 f 3-2N (5)'j- s m  4). 
2 c o s 2~ f l  
The problem of dual sign i n  Eq, (5) can be resolved by considering the 
spec ia l  case when 4 = 0' 
For the case of 4 = OD ;  we can analyze the conditions on the ang3e 
of incidence d i rec t ly  as shown i n  Figure l ( b ) .  Substi tuting cos-'u: with 
a-8 i n  Eq. (1) we obtain I 
1
- (acos 
t 5  
8 - s i n  8) 1< -,I
- N (6) 
since s i n  or =fland cos a =&in3 3 
- - .a re t roref lec tor .  Soiving Eq.(G) for  
s i n  8, we obtain 
1
s i n  8, 27 (Ji; J N ~- 6). 
Comparing Eq. (7)  with ~ ~ . ( 5 )  when + = 00, we come to  the conclusion tha t  
the  negative s ign i s  the proper s ign i n  Eq. (5) and we can express the 
c r i t i c a l  angle of incidence as a function of 4 and N: 
s i n  O c  = (6 cos 4 - J 3 - 2~2 s i n~4 ) .2cos24-!-1 (8) 
The l i m i t  on the angle of incidence of a r e t ro re f l ec to r  i s  imposed 
not only by the f a i l u re  of the  t o t a l  re f lec t ion  but  also by the vanishing 
of the e f fec t ive  aperture. I f  we consider a re t roref lec tor  with a c i rcu la r  
face, especially when the c i r c l e  is an inscribed c i r c l e  t o  the  t r iangular  

face, the angle a t  which the e f fec t ive  aperture vanishes i s  

s i n  8 = N I G , 
L ( 9 )  

as shown i n  Figure l ( c ) .  The smaller of the two angles, 8 and Bc ,  is the 

L 

r e a l  l i m i t  to  the  angle of incidence. 
111. DISCUSSION. 

An examination of '&.(2) reveals tha t  Bc < r / 4  i f  N > fi; physi-

cal ly  speaking, the  cones of f a i l u redo  not i n t e r sec t  each other when 

.N > ,5as shown i n  Figure 2(a).  laxen N = 6 Bc = r / 4  and the cones are  
- tangent to  each other as shown i n  Figure 2(b). When N = m, Bc = cos-1(1/3) 
azE! the cozes are i ~ t e r s e c t i n g  each other a t  the axis of symmetry of a 
re t roref lec tor  as the common l i n e  of in te rsec t ion  as shown.in Figure 2(c) .  
. . 
I n  other words, the t o t a l  re f lec t ion  w i l l  not  f a i l  f o r  a l l  8 i n  a 
cer ta in  range of @ when N ,5because there  is a region i n  which the plane 
of incidence is between the cones of f a i l u r e  whereas the  t o t a l  ref lect ion 
f a i l s  f o r  a l l  8 when N < J3/F because there  i s  no region which does not 
belong t o  a t  l e a s t  one of the cones of f a i l u re .  
Let us now consider Eq. (8) and Eq. (9)  for the  range of N when 
5 N -< When N = J3/2 i n  Eq. (8) s i n  e C = 0 f o r  a l l  @; t h i s  r e s u l t  
is consistent with the ear ly  analysis on the cones of f a i l u r e  t ha t  the t o t a l  
re f lec t ion  f a i l s  a t  a l l  8. The index of refract ion must he greater  than 
J3/2 i f  the re t roref lec tor  i s  to  be used as a re f lecror  with uncoated 
back surfaces. 
- - 
I n  the range N < 6the expression under the rad ica l  
sign i n  Eq. (8) i s  always non-negative therefore s i n  Bc  i s  always r ea l ,  
which is a f ac t  supported by the geometrical analysis tha t  the  cones 
i n t e r sec t  each other.  
A .geometrical inspection on the cones of f a i l u r e  reveals tha t  
s i n  B c  is a monotonic function of $ with its smallest  value a t  $ = 0" 
.and i t s  l a rges t  a t  $ = 60". Now we s h a l l  prove t h a t  e c , i s  always l e s s  
than BL i n  the  range J3/2 < N < 6;the  f a i l u r e  of t o t a l  re f lec t ion  . 
occurs before the effect ive aper ture  vanishes and the l i m i t  on the angle 
of incidence i s  8, alone. 
The l a rges t  B c  is given by Eq.(8) as  
/2 ' - -
-
s i n  e (+ = '600) = (fi-1 - h - ~ ? ) .
C (10) 
Comparing Eq. ( lo) .with Eq. ( 9 ) ,  we obtain 
r :s i n  8 (+=60°) / s i n  e 
c L N (11) 
Since Eq. (11) ind ica tes  t ha t  r = 1when N = fi and dr/dN > 0, i t  i s  cer-
ta in ly  t rue tha t  r < 1 i f  N .r b 5 .  Consequently, 8, < BL fo r  < N c fi 
. . 
and eL = 8, a t  .+ = 60° when N. = fi.. 
The e a r l i e r  geometrical analysis indicated tha t  there should be a 
cer ta in  range i n  $ where no f a i l u r e  of t o t a l  re f lec t ion  can occur. The 
mathematical manifestation of t he  s i t ua t ion  i n  Eq. (8) i s  tha t  s i n  8 
C -
becomes comp3ex~because the elipression under the rad ica l  sign becomes 
negative when 60" > + 2 + where +o = sin-'(~3/2/N) . 
.Comparing s i n  eL with s i n  e a t  + = +o $or the case of N 6,we C 
f ind tha t  8~ is l e s s  than 0 ,  a t  + = $O. The implication i s  tha t  the angle 
e becomes the l i m i t  even before @ reaches 4,. The exact angle $ a t  which L 
B L  = 8, can be evaluated by equating Bq.(8) t o  Eq. (9) and solving 
for  $. 
I f  N > J?, Eq. (9)  indicates  t ha t  the e f f ec t ive  aperture does not 
vanish; therefore the l i m i t  on the angle of incidence is imposed by the 
ultimate l i m i t  of 90' .or  Bee 
The condition that  a re t roref lec tor  re ta ins  i t s  re f lec t ing  prop-. 
e r t i e s  a t  a l l  times i s  N -> m. The condition i s  obtained fro; Eq. (8) 
by s e t t i ng  $ to  0' and s i n  8, = 1. 
The c r i t i c a l  angle Bc combined with BL as the  overal l  l i m i t  on the 
angle of incidence i s  p lo t ted  as a function of $ for  various N i n  Figure 3. 
The region below the curve i s  the region i n  which a re t roref lec tor . reca ins  
i t s  xeflecting properties.  
I V .  CONCLUSIONS. 
We have obtained the c r i t i c a l  angle of incidence as a function of N 
and #. The c r i t i c a l  angle increases monotonically f o r  increasing 4 and N. 
The minimum value necessary f o r  the  index of refract ion is i f  a retro-
r e f l ec to r  with uncoated back surfaces i s  t o  re ta in  i t s  re f lec t ing  properties. 
The in t e rna l  t o t a l  re f lec t ion  f a i l s  a t  a l l  times when N < m. 
We a lso  found tha t  there was a range of 4 where the i n t e rna l  reflec- 
t ion does not  f a i l  i f  N > fi; the  l i m i t  on the angle of incidence i s  then 
the vanishing of the e f fec t ive  aperture.  A r e t ro re f l ec to r  can be used even 
for  the  90" angle of incidence for  a cer ta in  range of 4 i f  N > 6 and for  
a l l  g i f  N > M. 
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A geometrical representation of a re t roref lec tor .  
Cross-section of a re t roref lec tor  i l l u s t r a t i n g  the 
f a i l u re  pf t o t a l  re f lec t ion  a t  some'angle 
jof incidence. 
I l l u s t r a t i on  showing the disappearance of the 
e f fec t ive  aperture.  
. 2. The cones of f a i l u r e  f o r  various values of the 
index of refraction.  
3. 
.. .-
The l i m i t  on the angle of incidence plot ted as 
function of azimuth angle f o r  d i f fe ren t  
values of the index of refract ion.  
a 
! 
A geometr ica l  r ep r e s en t a t i on  of a  r e t r o r e f l e c t o r .  
Cross-sect ion of a r e t r o r e f l e c t o r  i l l u s t r a t i n g  t h e  
f a i l u r e  of t o t a l  r e f l e c t i o n  a t  some angle of 
inc idence .  
I l l u s t r a t i o n  showing t h e  disappearance of the  
e f f e c t i v e  ape r tu re .  
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Fig. I 
Fig,. $2 
....-..., .... ... ~ h ~ . . . ~ ~ ~ &of .fa&lure. for.v~rious values of ..the.index of refraction.. 

Fig. 3 

The l i m i t  on the angle of incidence p lo t ted  as  a function of azimuth 
,
'ar,&le fo r  d i f f e r en t  values of the index of re f rac t ion .  
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ABSTRACT 
Three aluminized 1-1/2" r e t ro re f l ec to r s  have been tes ted i n  the 
laboratory for  t h e i r  op t ica l  quali ty.  The d i f f rac t ion  patterns from 
the retrore.flectors a r e  presented i n  comparison v i t h  the  Airy pat tern.  
from a f l a t  mirror. These r e t ro re f l ec to r s  are  now i n  current use i n  
the 107" telescope for  the purpose of pointing the telescope pre- 
c i se ly  a t  the  l a s e r  ranging r e t ro re f l ec to r  array on the moon. 
I ' TEST REPORT ON THE 0PTICAL:QUALITY OF THREE 1-1/2" RETROREFLECTORS 
I. INTRODUCTION 
After a successful  dep lopen t  of a l a s e r  ranging re t ro-  
r e f l e c t o r  array on the  Moon by the  Apollo 11astronauts,  
continuing measurements of the  round-trip t r ave l  time of l i g h t .  
a r e  being made from the  McDonald Observatory, University of 
Texas, a t  Mount Lock, Texas. A shor t  l a s e r  l i g h t  pulse i s  
transmitted through the  107" telescope pointed a t  the l a s e r  ranging 
r e t ro re f l ec to r  array on the  Moon and the  re f lec ted  l i g h t  pu l se  
/fro= the a r rcy  i s  co l l e c t edby  the  same telescope. The trans- 
I 
'mit ted l a s e r  beam i s  very narror.7 so' t h a t  precise  pointing of the  
telescope is essen t ia l .  
Techniques fo r  t h i s  purpose were developed during the 
Surveyor 7 laser-beam-pointing t e s t e 5  Applying the  techniques 
t o  the  Apollo l a s e r  ranging experiment involves mounting 
r e t ro re f l ec to r s  on the  secondary mirror-support s t ruc tu re  of the  
telescope. These r e t ro re f l ec to r s  in te rcep t  a very small portion of 
the  outgoing beam and re turn  i t  back i n t o  the telescope i n  such a 
way tha t  the  l i g h t  i s  brought t o  focus, superimposed on the  
image of the  Moon a t  the  spot t o  which the  beam i s  being sent .  
The precise  coincidence of the  focused l i g h t  spot and the  loca t ion  
of the  r e f l ec to r s  on the Moon assures  a proper pointing of the  
I n  pract ice ,  because of the  d i f f rac t ion  e f f ec t s  i n  l i gh t ,  
the  s i z e  of the spot i s  not i n f i n i t e l y  srnall~qhen the l i gh t  i s  
brought to  focus. The spot s i z e  i s  determined exactly by the theory 
of f a r  f i e l d  diffract-ion. I n  the process of re f lec t ion ,  tne incident 
plane wave may be degraded by imperfections i n  the re f lec tor .  
However, the  degradation of the wave f ron t  becomes insignif icant  i f  
i t  does not  contribute appreciably to  the  divergence of the  l i gh t  
beam. Since the  accuracy of pointing depends on the smallness of 
the  focused l i g h t  spot i t  i s  e s sen t i a l  t ha t  high quali ty re t roref lec tors  
be used. 
It has been shcvm +hat exren a re t roref lec tor  of perfect  geometrical 
.configuration may degrade the wave front  of l i gh t  s ign i f ican t ly  
6
because o f - t h e  polar izat ion e f f ec t s  . It i s  also found tha t  when i t s  
back surfaces a r e  coated wit11 metals such as  aluminum o r  s i l v e r  
the  polar izat ion e f f ec t s  a r e  minimized to  such an extent tha t  the  
r e t ro re f l ec to r  ac t s  almost l i k e  a f l a t  mirror. But i n  prac t ice  
unavoidable flaws exis t .  A laboratory t e s t  program'was therefore 
i n i t i a t ed  to  determine the op t i ca l  qual i ty  of a re t roref lec tor .  
Pour re t roref lec tors  were selected to  be mounted i n  the  107" 
.telescope a t  theMc~onald  Observatory. These re t roref lec tors  were 
manufactured by the Perkin Elmer Corporation. They are  made to  
the sane specif icat ions  required for  the r e t ro re f l ec to r s  deployed 
on the Noon. The re f lec tors  a r e  made of fused s i l i c a .  Their 
f ront  face is a c i r c l e  of 1.5" d ime t e r .  
Three of these four a r e  coated i n  the back with aluminum. 
The I D  numbers a r e  190A, 191B, and 208A. The fourth one (ID number 
181A) i s  being studied separately for  extensive analysis.  
I n  t h i s  repor t  we w i l l  present only the s tudies  fo r  the case 
of normal incidence of l i gh t .  The d i f f rac t ion  pat terns  of the 
returning l i g h t  beam from the r e t ro re f l ec to r s  a r e  compared to  
t ha t  from a f l a t  mirror of the  same aperture. Be also present an 
abnormality of the  cen t ra l  i r radiance of the  d i f f rac t ion  pa t te rn  
which depends on 'the polar izat ion or ientat ion of the  incident 
l i g h t  beam. 
We w i l l  s t a r t  i n  sect ion I1 with the description of the  t e s t  
procedures and r e su l t s  and follow f hat with a discussion i n  
Section 111. A b r i e f  conclusion i s  i n  Section IV .  
- - 
11 TEST PROCEDURES Ah'D RESULTS 
The t e s t .  apparatus bas ica l ly  consis ts  of a He-lie l a s e r ,  a 
s p a t i a l  f i l t e r ,  a collimator, and a two-meter op t i ca l  bench. The 
arrangement is sho~m i n  Fig. 1. The l i gh t  beam from a 15 mW He-Ne 
l a s e r  passes i n i t i a l l y  through a s p a t i a l  f i l t e r  consisting of a 
20X microscope objective and 12 pinhole. The widely diverging 
l i g h t  a f t e r  the  s p a t i a l  f i l t e r  i s  collimated f i r s t  t o  a beam of 
roughly one-half inch diameter.' This beam then passes through 
a beam s p l i t t e r  and goes i n t o  a la rge  collimator. The f i n a l  
collimated beam i s  10 cm i n  diameter. 
The .first s tage beam expansion i s  t o  serve the purpose of 
making the l a s e r  l i gh t  i n t ens i ty  p ro f i l e  a t  the  r e t ro re f l ec to r  as 
uniform as  possible.  It a l so  enables us t o  reduce the area of 
t he  beam s p l i t t e r  i n  a collimated portion of the  l i gh t  beam.to 
.. 
minimize possible wavefront d i s tor t ion .  
The returning beam from the  r e t ro re f l ec to r  forms a d i f f rac t ion  
pa t te rn  a t  t he  foca l  point of the  large collimator lens  and the pa t te rn  is 
enlarged by the  focusing lens  of t he  collimator. he pat tern can 
be fur ther  enlarged with'an addi t ional  lens  system. 
Photographs of the  d i f f r ac t ion  pat tern of ref lected l i gh t  from 
each r e t ro re f l ec to r  were taken with the d i f f r ac t ion  pat tern 
focused on the camera film. The l a s e r  l i gh t  was l inear ly  
polarized. I t s  d i rec t ion  was always made p a r a l l e l  to  one of the  
projections of the r ea r  edges on the f ron t  face of the  re t roref lec tor .  
Because of the three-fold symmetry of a r e t ro re f l ec to r  we expect 
a repe t i t ion  of the  same pa t te rn  every time i t  i s  rota ted 120". 
The photographs of the  d i f f rac t ion  pat tern a r e  shown i n  Fig. 2 
f o r  191B a t  a l l  three  or ientat ions .  ~ d t i c et h a t  the  pat tern ro ta tes  
120" counter-clockwise folloiqing the ro ta t ion  of the  r e t ro re f l ec to r  
but  does not repeat the same pa t te rn  a t  every 120" of rota t ion.  
Typical d i f f rac t ion  pat terns  produced by 190.4 and 208A a re  shown 
i n  Fig. 3 along with the Airy pa t te rn  from a f l a t  mirror with 1.5" 
c i rcu la r  aperture. 
The invest igat ion on the cen t ra l  i r radiance of t he  d i f f rac t ion  
pat tern from a re t roref lec tor  was prompted by the observation t h a t  
the frradiance i s  a se~rsit i-JCflinit ioa cf the  r e l a t i v e  o r i e ~ ~ t a t i o ~ !  
between the direct ion of the  polarization of l i gh t  and the d i rec t ion  
of the  projection of one par t icu la r  baclc edge, which i s  a r b i t r a r i l y  
chosen, . on. i ts  front  face. I n  other words, f o r  f ixed,  l i nea r ly  
polarized incident l i g h t  the  cen t ra l  irradiance of the d i f f rac t ion  
pat tern var ies  when the r e t ro re f l ec to r  i s  rota ted around a symmetric 
axis  perpendicular to  the  f ron t  face. A l a rge  var ia t ion  i n  central  
i r radiance upon ro ta t ion  has been observed i n  some uncoated re t ro-
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re f lec tors  . Such a measurement was made on 191B re t roref lec tor .  
For t h i s  measurement, a photomultiplier tube and a pinhole 
were used i n  place of a camera. The diameter of the  pinhole was 
l e s s  chat 1/10 of the diameter of the  Airy d i sc  from a f l a t  c i rcu la r  
mirror of 1.5" diameter. The pinhole a l l o~ r s  only the cen t ra l  
'. 	 i r radiance of the  d i f f rac t ion  pa t te rn  to  be measured by a  photo- 
I 
mul t ip l ie r  tube. 
The DC output from the photomultiplier tube was read with a  
d i g i t a l  voltmeter when the r e t ro re f l ec to r  was rotated i n  s teps  of 
7.5". through one complete revolution. A photodiode was used 
simultanedusly on the off-side of the beam s p l i t t e r  i n  the system 
to monitor the  l a s e r  output in tens i ty  because i t  fluctuated a few 
percent over the experimental time. The readings were f i r s t  
corrected for  monitor i n t e n s i t i e s  and then the mean was normalized 
-F igure  4 shows the normalized cen t r a l  i r radiance p lo t ted  against  
I 
9, the azimuth angle. The angle 9 i s  measured clock~<ise  from a 
I 
' 	reference d i rec t ion  t d  t he . a rb i t r a ry  back e&ge projection mentioned 

above. This reference d i rec t ion  is taken from the direct ion of 

polar izat ion,  shown i n  the f igure  as a  thick so l id  l i ne .  

I11 DISCUSSION 

The d i f f r ac t ion  pat terns  are  expected to  t e  v i r t ua l ly  the  same 
as  the Airy pat tern as  indicated by analysis . The pat terns  show 
deviations from such expectations. Comparison between the pat tern 
from a r e t ro re f l ec to r  and the Airy pa t te rn  indicates  t ha t  the  cen t ra l  
lobe of the  former i s  consistent with tha t  of the  l a t t e r  i n  s ize .  . 
The apparent deviation seems t o  be the f a i l u r e  of t he  formation 
of the  rings slrrounding the Airy d i sc  i n  the  former case, especially 
the  f i r s t  r ing.  Either two sidelobes (190A) or  four sidelobes (191B 
and 208A) a r e  present instead of a r ing.  
The pat terns  produced by 191B and 208A a re  very s imilar  t o  
each other. A c lose  inspection of the  pz t te rn  produced by l3GA 
indicates  t ha t  the  or ientat ion of the  sidelobes matches one pa i r  
of the  sidelobes from 191B. ~o&ever ,i t  i s  not c l ea r  which p a i r  from 
1910 matches the pa i r  from 190A because Fig. 3(b) qual i ta t ive ly  
matches e i t he r  Fig. 2(a) o r  Fig. 2(c) a s  f a r  a s  one pa i r  
of the sidelobes is concerned. 
The cause of t h i s  deviation is unknown a t  present time.' However, 
one may speculate tha t  the flaw i s  fixed geometrically on the re t ro-  
r e f l ec to r  because the pat tern ro t a t e s  with t he  r e f l ec to r  when i t  i s  
rotated.  Especially the f a c t  t ha t  the  pat tern f a i l s  t o  repeat i t s e l f  
0f o r  every 120 ro ta t ion  suggests t ha t  t he  flaw has broken the three- 
fold symmetry of the  re t roref lec tor .  
The var ia t ion  of the cen t ra l  i r radiance,  when the r e t ro re f l ec to r  
(191U) was rotated,  a l so  indicated the lack of three-fold symmetry. 
The small var ia t ion can be eas i ly  d i f fe ren t ia ted  from f luctuat ions  
i n  our system because of i t s  repe t i t ion  a f t e r  180" of rota t ion.  
The r epe t i t i on  i s  expected because the rotat ion corresponds t o  
adding a  phase angle of II t o  the incident l i gh t ;  t h i s  addi t ional  
phase angle should have no e f f ec t  on the in tens i ty  measurement. The 
contradiction of the ear ly  analysis6 t o  the observed var ia t ion  i n  
the cen t ra l  i r radiance i s  consistent with the observation on the 
d i f f rac t ion  pattern.  From the comparison between the experiment 
and the analysis we have come t o  believe tha t  the flaw i s  small enough 
t o  r e t a i n  the over-all pat tern but su f f i c i en t ly  sens i t ive  to  
polar izat ion t o  red is t r ibu te  the energy ~ i i t h i n  the pat tern a s  
manifested i n  the var ia t ion of cen t ra l  irradiance.  
The s imi l a r i t y  of the d i f f rac t ion  pat terns  from three d i f f e r en t  
re t roref lec tors  indicates  t ha t  the flaw is the same kind i n  a l l  of 
the re t roref lec tors .  Possible sources of the flaw may be angular 
e r rors ,  departure from the surface f l a tnes s ,  and the inhomogeneities. 
The re t roref lec tors  a r e  quoted to  have the e f fec t ive  f l a tnes s  of 
about XI17 by the manufacturer. The f igure  i s  based on the computer 
analysis of the interferograms of the  re t roref lec tors .  Since the 
cen t ra l  irradiance i s  d i r ec t ly  re la ted to  the f la tness  f igure ,  
i n  i t s  f i r s t  order approximation, by the equation 
I = I (I - cs 2>)
0 
2
where <6 > i s  the variance of the f la tness  i n  terms of phase angle, 
the var ia t ion  on the cen t ra l  i r radiance implies a d i f f e r en t  f la tness  
f igure  for  d i f fe ren t  or ientat ions  of the re t roref lec tor .  Unfortunately, 
comparisons of f la tness  f igure  for  d i f fe ren t  or ientat ions  have not 
been made. 
A study is s t i l l  underway t o  understand the cause of t h i s  
imperfection i n  a re t roref lec tor .  Further r e su l t s  w i l l  be reported 
IV CONCLUSION 

The o p t i c a l  q u a l i t y  of t h e  r e t r o r e f l e c t o r s  under examination 
i s  s l i g h t l y  l e s s  than "d i f f r a c t i on  l imi t ed . "  The s ta tement  i s  
supported by t h e  q u a l i t a t i v e  p r e s en t a t i on  of  t h e  d i f f r a c t i o n  
p a t t e r n  i n  Fig. 2 and Fig. 3. The o r i g i n  of  t h e  flaw is unknown 
a t  t h i s  t ime bu t  a s tudy i s  be ing  conducted on t h e  sub jec t .  
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Fig. 1 Experimental arrangement. 
Fig. 2 Diffract ion pat terns  from 191B a t  three or ientat ions .  
Fig. 3 (a) 
(b) 
(c) 
Diffract ion pa t te rn  from 208.4. 
Diffraction pat tern from 190A. 
The Airy pa t te rn  from a f l a t  mirror with 1.5" 
aperture. 
c i rcu la r  
Fig. 4 Normalized cen t ra l  i r radiance of the d i f f rac t ion  pattern 
from 191B as  function of the  azimuth angle 4 .  
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Diffraction patterns from 191B at three orientations. 

Fig. 3 
(a) 	 Diffract ion pa t te rn  from 208A. 
(b) 	 Diffract ion pat tern from 190,A. 
The Airy pa t te rn  from a f l a t  mirror (c) 
with 1.5" c i r c u l a r  aperture.  
Fig. 4 
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~ ~ ~ central. irradiance of the diffraction pattern from 1918 ~ l i ~ ~ d as function of the azimuth angle 4 .  I 
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ABSTRACT 

Experimental measurements were made on the cen t ra l  i r radiance 
of the  d i f f r ac t ion  pat tern of a so l id  fused s i l i c a  re t ro-ref lector  as  
a function of the  incident angle 6 a t  azimuth angles 4 = 0' and 60'. 
We a lso  observed a sinusoidal dependence of the  cen t r a l  
i r radiance of the  d i f f r ac t ion .pa t t e rn  on the polar izat ion or ientat ion 
of the  incident l i g h t  contrary t o  an ear ly .analysis  tha t  the cen t ra l  
1i r radiance was independent of ,the polar izat ion orientation.  We 
believe; a t  t h i s  time, t ha t  the  abnormality was caused by some flaws 
i n  the  re t ro-ref lector .  ~ u r t hG r  study i s  underway to  understand th i s  
phenomenon. 
I~SPERINENTAL STUDIES ON THE CENTRAL IRRJDIANCE 

OF DIFFRACTION PATTEW OF RETRO-REFLECTORS 

FOR OFF-AXIS INCIDENCE OF LIGHT 

I. Introduction. 
Comprehensive analyses concerning the f a r  f i e l d  d i f f rac t ion  pa t te rn  
of ref lected l i g h t  from a re t ro-ref lector  have been made.'.' The anal- 
yses were undertaken to.provide a thorough understanding of the diff rac-  
t ion  pa t te rn  of re t ro-ref lectors  i n  connection with the design and 
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t es t ing  of the Apollo 11Laser Ranging Retro-Reflector. 
Because of the l i b ra t ion  pat tern of the ear th  viewed from the 
moon, the  laser .  beam transmitted from the ear th  m u s t  assume d i f fe ren t  
angles of incidence on d i f fe ren t  days, Therefore, one of the goals of 
the analyses was to  obtain information as t o  how the cen t ra l  irradiance 
of the d i f f rac t ion  pa t te rn  vari'es f o r  various angles of j-ncidence. Such 
information is cruc ia l  i n  estimating the in tens i ty  of the  returning 
s igna l  of transmitted l a s e r  l i g h t .  
Experimental work was undertaken along with analyses intended 
f o r  comparison. We w i l l  present,  i n  t h i s  report ,  the findings of the 
experimental measurements on two ret ro-ref lectors .  Their I D  numbers are  
PElOlB and BB30B. They are  made of fused s i l i c a .  The front  face is a 
c i r c l e  of 1.5" diameter. Both are  uncoated. 
11. Experimental Procedures. 
The experimental apparatus basical ly  consists of a He4e laser ,  
a spatial .  f i l t e r ,  a collimator, and a txo-meter op t ica l  bench. The 
arrangement i s  shown i n  Figure 1. The l i g h t  beam from a 15-mW Re-Ne 
l a s e r  passes i n i t i a l l y  through a s p a t i a l  f i l t e r  consist ing of a 20X' 
microscope objective and pinhole. The highiy diverging. l ight  
a f t e r  the  s p a t i a l  f i l t e r  i s  collimated f i r s t  t o  a  beam of roughly 
one-half inch diameter. This beam passes through a  beam s p l i t t e r  
and goes i n to  a  la rge  collimator. The f i n a l  collimated beam i s  lOcm 
i n  diameter. A photodiode on the off-side of rhe beam s p l i t t e r  
monitors the  l a s e r  l i g h t  i n t ens i ty  during the experiment. 
The in t ens i ty  p ro f i l e  across the  l a se r  beam is a  Gaussian 
dis t r ibut ion.  I n  order t o  obtain a  uniform in t ens i ty  a t  the r e f l ec to r  
the l a s e r  beam i s  expanded twice so tha t  only a  small central  portion 
of t he  Gaussian d i s t r i bu t ion  i s  used. The var ia t ion  i n  the  i n t ens i ty  
pr6filo- is red-ted t= a few percent. The f i r s t  s tage  bean expansion 
a l so  enabl,es us t o  use a  smaller area  of the  beam s p l i t t e r  i n  a  
collimated portion of the l i g h t  beam t o  minimize possible wavefront 
dis tor t ion.  
The returning beam from the r e t r o - r e f l e c~o r  forms a  d i f f rac t ion  
pat tern a t  the focal  point of the l a rge  collimator .lens and t h i s  image 
i s  enlarged by the focusing lens of the  collimator. The pa t te rn  can 
be fur ther  enlarged with an addi t ional  lens system. 
A photomultiplier tube i s  used t o  measure the cen t ra l  i r radiance 
of the  d i f f rac t ion  pattern.  A.pinhole whose diameter is l e s s  than 1/10 
of the diameter of the Airy d i sc  of 1.5" aperture i s  used t o  mask the 
photomultiplier tube allowing only the cen t ra l  i r radiance to  be measured. 
TWO types of measurement were taken. The cen t ra l  i r radiance was 
measured as  a  function of the  angle of incidence 8 a t  two azimuth angles, 
.: . .. 
i . e .  
$= 0' and 60'. It w a s  a lso measured as a function of 4 a t  8 = 0' i n  
s teps  of 7.5 degrees.' I 
Siinple sketches a r e  shown i n  Figure 2 t o  i l l u s t r a t e  the  defini-  
t ions  of 4 and 8. The azimuth angle Q i s  defined t o  be the angle be- 
tween the plane of incidence PP' and the plane determined by the back 
edge A0 and i t s  image OAT as shown i n  Figure 2(a). 
I n  the  measurement of cen t ra l  irrad5ance a s  a function of 8, 
the  polar izat ion of incident l i g h t  was chosen t o  be p a r a l l e l  t o  the  
plane of incidence. For normal incidence (8 = 0° ) ,  the plane of 
incidence was not defined. Therefore, the azimuth angle 4 was b e t t e r  
interpreted a s  the  angle betweeA the direct ion of the  polar izat ion of 
l i g h t  and the projection of one of the  back edges on the f ront  face of 
the  rc t ro-ref lector .  
I 
I n  the measurement of cen t r a l  i r radiance a s  a function of 8 ,  the 
angle 8 i s  swept from one end (8 = 16') to-the other end (8 = 30') on the 
opposite s ide  i n  the  plane of incidence. Because the same plane of 
incidence i s  shared by both 4 = 0' and 4 = 180" which i s  geometrically 
equivalent to  60°, we can obtain the data  i n  one run f o r  both with 
natched reading a t  8 = 0'. 
111. 	 Results and Discussions. 
According t o  analyses, the  cen t ra l  i r radiance of che d i f f rac t ion  
pa t te rn  i s  independent of the  direc,tion of the  polar izat ion of the  incident 
But i n  the of the  experiment we found t h a t  t h i s  was not 
the case. An unexpected polarization e f f ec t  existed.  Therefore, we 
proceeded t o  measure the e f f ec t  on the cen t r a l  i r radiance as  a function 
of $. The r e s u l t s  are shown i n  Figure 3 .  The so l id  dots a r e  the data 
from PElOlB whereas the  open c i r c l e s  a r e  the dars  from BB30B. 
Three runs were talcen on each re t ro-ref lector .  Each run consists 
of forty-nine readings f o r  a complete revolution i n  s teps  on 7.5" in-
cluding overlapping end points. Each reading was f i r s t  corrected f o r  
the moni.tor reading and a l l  readings of each run were,adjusted so tha t  
the mean was 100. Then the mean and i t s  standard deviation of t he  ad- 
justed readings from three runs f o r  a given $ was calculated. The error  
bars i n  t h e  f igure  a r e  t he  standard deviations of the  means. When i t  i s  
smaller than the dot s i z e  the  e r ro r  bar i s  not shown. 
.. . 
The var ia t ion  i n  the cen t ra l  i r radiance i s  large,  especially so 
for  BB30B. The r a t i o  of the  maximum and minimum is  more than f ive.  The 
cause of the  var ia t ion  i s  unknown a t  t h i s  time. It i s  suspected to  be 
something very.sensi t ive  to  polar izat ion e f fec t s .  
Notice t h a t  t he  var ia t ion  does not repeat i t s e l f  every 120" although 
i n  pr inc ip le  the  re t ro-ref lector  has a threefold symmetry. It implies t ha t  
the flaw has brolcen such a symmetry i n  t he  re t ro-ref lector .  However, i t  
repeats i t s e l f  a f t e r  180' of rota t ion.  The repe t i t ion  i s  expected be- 
cause such a ro t a t i on  corresponds t o  adding a phase angle-of II to the  
incident l i g h t ;  t h i s  addtional phase angle should have no e f f e c t  on the 
i n t ens i ty  measurement. I n  other words, twofold symmetry i s  manifested 
here because of such symrnetry i n  the l i nea r ly  polarized incident l i gh t .  
One might speculate tha t  the  var ia t ion i n  the  cen t ra l  irradiarice 
could be caused by the tilt of the  f ron t  face since we determine, 
experimentally, the symmetric axis by the normal of the f ron t  face. A 
simple measurement on BB30B showed tha t  the f ron t  face was only about 
0.1' off from i t s  proper direction.  A deviation of 0.1' is too small to 
cause any s ign i f ican t  var ia t ion i n  irradiance.  
, . 
Another possible cause i s  the laminations i n  the fused s i l i c a .  
The e f f ec t  of laminations on the d i f f rac t ion  pattern is yet  t o  be in- 
vestigated. A study i s  under way to  understand the cause of the abnormal 
polar izat ion e f fec t .  Further findings w i l l  be  reported. 
The measurement on the cen t ra l  i r radiance as a function of the 
incident angle 8 was complicated by the abhormal pol-arization e f f ec t ,  
especially i n  the case of BB30B. The incons?scency i n  readings caused 
by lack of symmetry is demonstrated i n  Figure 4. Three s e t s  of data a r e  
presumably ident ica l  because every back edge can be used as the reference 
f o r  0. A1 1  readings were corrected f o r  f luctuations i n  the l a s e r  output, 
' 
which was monitored by a photodiode. 
. . 
. I n  order t o  compare with analysis, the  average values of readings 
taken a t  three supposedly iden t i ca l  or ientat ions  are  used. The average 
values are normalized t o  unity a t  9 = 0'. The r e su l t  i s  shown i n  Figure 5 
where the e r ro r  bars are  the standard deviations of the  means. The large 
e r ro r  bars a r e  no surpr i se  because of the large discrepancies i n  the read- 
ings a t  three d i f fe ren t  or ientat ions  as shown i n  Figure 4. The curve is 
the prediction of analysis. 
A s imi la r  r e su l t  is sliorin i n  Figure 6 f o r  PEIOI.B. Because the ab- 
normal polar izat ion e f f ec t  i s  smaller i n  PElOlB compared to  BB30B, the 
discrepancy between readings of d i f fe ren t  or ientat ions  is a l so  smaller as 
indicated by the e r ro r  bars. 
It is in t e r e s t i ng  t o  note tha t  the average values i n  Figure 5 

and Figure 6 agree with analysis  to  a grea t  extent.disregarding the 

I 
l a rge  discrepancies between the readings taken a t  d i f fe ren t  or ientat ions .  

It is possible t ha t  the  averaging process canceled, to  f i r s t  order, the 

abnormal polar izat ion e f fec t .  The close agreement between the data  from 

PElOlB and BB30B seems t o  suggest such a possibl i ty .  

I V .  Conclusions. 
. . 
Both re t ro-ref lectors  under study exhibited an abnormal polariza- 
t ion  e f f e c t  which i s  manifested by the dependence of the  cen t ra l  ir-Lad .lance 
- o f  the  d i f f rac t ion  pa t te rn  on the or ien ta t ion  of the l i nea r  polar izat ion of 
incident l i g h t  a t  normal incidence. The or ig in  of t h i s  e f f ec t  i s  unknown 
I
a t  <this  time. A study i s  underway t o  understand such a phenomenon. 
The cen t ra l  i r radiance when measudd as  a function of the angle '  
of incidence 8, the  average of readings over three theore t ica l ly  i den t i ca l  
or ientat ions  i s  i n  agreement with analysis ,  though there  a r e  discrepancies 
i n  readings among the d i f f e r en t  or ientat ions .  
We are  gra te fu l  t o  D r .  C. 0. Alley and D r .  D. G. Currie 
for  t h e i r  f r u i t cu l  suggestions and diScussions. We a l so  wish 
t o  acknowledge the assistance of Burton Johnson and Rits Foster 
i n  the ear ly  phase of t h i s  work. 
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FIGURE CAPTIONS 
Fig. 1- Experimental arrangement. 
Fig. 2 - Def in i t ions  of t h e  angle  of  inc idence  8 and t h e  
azimuth angle +. 
Fig. 3 - The normalized c e n t r a l  i r r a d i a n c e  measured as  a func-
t i o n  of azimuth angle  +. 
Fig.  4 - The c e n t r a l  i r r a d i a n c e  of p i f f r a c t i o n  p a t t e r n  measured 
I 
a s  a func t ion  of  t h e  angle  of inc idence  0 f o r  + = 0' 
and 60' on BB30B a t  t h r e e  supposedly i d e n t i c a l  o r i en t -  
a t ions .  
Fig. 5 - The normalized c e n t r a l  i r r a d i a n c e  of d i f f r a c t i o n  
p a t t e r n  measured as  a func t ion  of t h e  angle  of inc idence  
8 f o r  + = 0' and GOo on BB30B. 
Fig.  6 - The normalized c e n t r a l  i r r ad i ance  of  d i f f r a c t i o n  pa t t e r n  
measured. a s  a func t ion  of  t h e  angle of  inc idence  0 f o r  
+ = 0" and GO0  on PElOlB. 
. -
Experimental arrangement. 
Definit ions of the  angle of incidence 8 and the azimuth angle $. 
-- - - 
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The normalized cen t r a l  i r r zd iance  measured as a 
f ~ n c t i c n.of azimuth angle +. 
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The c e n t r a l  i r r a d i a n c e  of  d i f f r a c t i o n  p a t t e r n  measured a s  a func t ion  of  t h e  ang le  of  i nc idence  0 f o r  Q = 0' 
, and 60" on BB30B a t  t h r e e  supposedly i d e n t i c a l  or i .en ta t ions .  
I 
T'ne normal.ized cen t r a l  i r radiance of d i f f rac t io i l  pa t te rn  measured a s  a function of the angle of 
P 
Cn
incidence 0 for  + = 0' and 60' on BB30B. 
The normalized c e n t r a l  i r r a d i a n c e  of  d i f f r a c t i o n  p a t t e r n  measured a s  a func t ion  of  t h e  ang le  of  
P 

inc idence  8 f o r  4 = 0' and 60' on PElOlB. cn 
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ABSTRACT 
We have examined the e f fec t s  of small e r rors  i n  a re t ro-  
r e f l ec to r  on the d i f f r ac t ion  pa t te rn  with emphasis on erroneous 
back angles. 
The cen t r a l  i r radiance of the  d i f f r ac t ion  pa t te rn  depends 
upon the or ientat ion of polarization r e l a t i v e  t o  the r e t ro re f l ec to r s  
for  a l i nea r ly  polarized incident monochromatic l i gh t  wave. This 
e f f ec t  i s  most prominent i n  an uncoated re t roref lec tor .  A varia t ion 
of about +70% from the mean cen t ra l  i r radiance may occur i f  the 
e r ro r  is about 1 second of a r c  i n  one of the  back angles i n  a so l id  
uncoated quartz r e t ro re f l ec to r  whose f ron t  face i s  38mm i n  diameter. 
The'unexpected side-lobes i n  the  d i f f rac t ion  pat tern of a 
metalized r e t ro re f l ec to r  a r e  a lso shown to  be a t t r i bu t ab le  to  the 
e r rors  i n  the  back angles. 
The e f f ec t s  of other types of e r ro r  a r e  a lso discussed. 
Index Headings: Diffraction,  Retroreflectors.  
I. Introduction 
Because of the  re t rodirect ive nature, the  applications ,of 

re t roref lec tors  can be found i n  a wide range of f i e l d  from opt ica l  

interferometry to  .highway marking. Especially i n  recent years, 

i n  conjunction with lasers ,  re t roref lec tors  are  used i n  ranging of 

the  dis tance t o  f a r  away points. The recent 11Laser Ranging ~ ~ 0 1 0  

Retroreflector experiment 3'495,6 measures earth-moon distances with 

high precision. 

The thorough understanding of the  f a r  f i e l d  d i f f rac t ion  pa t te rn  
.of a re t roref lec tor  becomes highly e s sen t i a l  f o r  applications i n  long- 

distance ranging experiments. We have previously analyzed e f f ec t s  of 

the  complicated polarization properties 'of geometrically perfect  re t ro- 

8
re f lec tors7  on the f a r  f i e l d  d i f f rac t ion  pa t te rn  . However, i n  pract ice ,  
. 
geometrically perfect  re t roref lec tors  a r e  not easy to  obtain a t  the 
present time, and i n  some applications del iberate ly  introduced e r r o r  
i s  desired. Therefore, t he  understanding of the e f f ec t s  from various types 
of e r ro r  becomes a l so  important i n  system design. 
I n  t h i s  report,we attempt to deal with the most common type of 
. . 
er ror ,  which i s  the deviation from 90' of the angles between two re f lec t -  
ing surfaces.  The geometry of t h i s  type of e r ro r  has been reported some 
. 
years ago 9y10. We w i l l  now extend the examination of the e f f ec t s  of 
small angular e r rors  of about one second of a r c  to  the f a r  f i e l d  
. . . , 
di f f rac t ion  pat tern.  I n  addition t o  the e f f ec t s  of erroneous angles, we 
would also examine the e f f ec t s  of a l l  types of e r ro r  i n  re t roref lec tors .  
Although our approach can be applied to  more general conditicns, 
we w i l l  consider mainly a  s o l i d  r e t ro re f l ec to r  with a  c i r cu l a r  f ron t  
I 
face. The incident l i g h t  i s  assumed t o  be a l inear ly  polarized mono- 
chromatic plane wave which enters  the r e f l ec to r  along the direct ion 
p a r a l l e l  t o  the  axis of symmetry. We w i l l  discuss i n  de t a i l s  the 
case of a s ing le  erroneous angle as aa. i l l u s t r a t i on .  
'We w i l l  s t a r t  discussing i n  Section I1 the d i f f rac t ion  in t eg ra l  
which takes i n t o  account the addi t ional  phase factors  resu l t ing  from 
various e r ro r s .  I n  Section 111, we w i l l  consider the spec ia l  case 
when the r e t ro re f l ec to r  is coated with metal on the back surfaces 
and present a  qua l i t a t i ve  cpmparison between the analysis and a  photo- 
graph of d i f f rac t ion  pat tern of an aluminized r e t ro re f l ec to r .  In  
Section I V ,  we w i l l  presentjdiscussions of the r e su l t s  with emphasis 
" on the comparison between the exper$nental data and analysis.  A 
1 
summary and comment i s  i n  sect ion V. 
11. Diffraction In t eg ra l  f o r  Central Irradiance 
The front  vietr of a re t roref lec tor  i s  divided i n t o  s i x  equal 
subapertures. Each subaperture represents an unique sequence of back 
surfaces by which a ray is ref lected as  i t  t ravels  through the re f lec tor .  
I n  the case of a geometrically perfect  re t roref lec tor ,  the re f lec ted  
l i g h t  i s  p a r a l l e l  t o  the axis  of symmetry when the incident l i gh t  i s  
p a r a l l e l  t o  the  axis  of symmetry except the incident l i gh t  and the 
re f lec ted  l i gh t  a r e  i n  opposite directions.  
Let us now consider t he  case of only one erroneous angle i n  a 
re t roref lec tor .  I f  we assume tha t  the angle between the surfaces I1 
and 111 (see Fig. 1) i s  90°f8 where 8 is the small e r ro r  i n  the angle 
along OA. Then it  has been shown9 tha t  t he  ref lected l i gh t  emerging from 
.. . 
the subapertures 1, 2, and 3 w i l l  deviate upward from the ax ia l  di rect ion 
by an angle of 1.63N0, where N i s  the index of refract ion of the glass ,  
whereas the l i g h t  emerging .from the subapertures 4 ,  5 ,  and' 6 w i l l  deviate 
..downward by the same amount. --.-
.. 
Therefore, there  is a systematic phase l ag  along the v e r t i c a l  axis 
(q axis) i n  the  wave f ron t  i n  the aperture plane which i s  taken ju s t  
outside the f ron t  face of the  re t roref lec tor .  The phase factor  can be 
ei k a l q l  where k i s  the wave number and a 1.63N8.represented by . = 
Because of the complicated polar izat ion properties of re t rore-
f l ec to r s ,  the emerging l i gh t  from d i f fe ren t  subapertures is i n  d i f f e r en t  
s t a t e s  . 
.The e r rors  i n  the  angles under consideration are  on the order of 
radians which is negl igible  as f a r  as the polar izat ion e f f ec t s  on the 
5 
s t a t e  of emerging l i g h t  is concerned. Therefore,  t h e  normalized complex 
amplitudes der ived  f o r  g eome t r i c a l l y ' p e r f e c t  r e t r o r e f l e c t o r s  a r e  still 
va l i d .  It has  been shown t h a t  when t h e  i n c i d e n t  l i g h t  i s  l i n e a r l y  
11pola r i zed  t h e  normalized complex =p l i tudes  a r e  , 
yB = yP = 5 -.Wn cos (24) - n s i n  (2+),  (1.a)
1 4 
y* = yp = 5 + "'5 n cos (24),  (1.b) 
2 5 

YS = - i r ;  - 11 s i n  (24) + n cos (241, (1.d)
1 

= i<+ "'5 n s i n  (2+),  ' (1.e)
yS2 
I ~ cos=-ir; - I n s i n  (29) - n (2$),  ( 1 . 0
yS3 
= i r ;  - J172 n s i i  (24) + m.ncos (261, (1.g)
4 
yS = - i g  ~'5'n s i n  (241, (1.h)
5 

=is  - n s i n  (24) - ICQ? n C O ~(24), (1 . i )  
y: 
where t h e  s u p e r s c r i p t  p  ( o r  s )  denotes component having t h e  same (or  c ross )  
p o l a r i z a t i o n  wi th  r e spec t  t o  t h e  p o l a r i z a t i o n  of i n c i d en t  l i g h t ,  and t h e  
p o l a r i z a t i o n  angle  4 i s  t h e  ang le  between t h e  d i r e c t i o n  of t h e  p o l a r i z a t i o n  
. . 
of i n c i den t  l i g h t  and t h e  p ro j e c t i on  of OA on t h e  f r o n t  f ace  i n  F ig .  1. 
8The c o e f f i c i e n t s  5,  n and 5 a r e  
where r and r are  the  conventional complex coeff ic ients  of reflectance 
S P 
of the back surf  aces. 
The d i f f rac t ion  integral ;  which i s  normalized t o  unity a t  the 
or ig in  i n  the d i f f r ac t ion  f i e l d  f o r  a c i rcu la r  aperture of radius a, can 
12be wri t ten f o r  polar izat ion p component i n  polar  corrdinates as 
% 
where x = kaw, y = kaa, w i sI the s ine  of the angular radius and il, i s  
the angular coordinate. The diffrackion in t eg ra l  f o r  cross polar izat ion 
i s  the same as  Eq. (3 )  exkept the .index p i s  replaced by s .  
Although Eq. (3 )  can be evaluated t o  y i e ld  an ana ly t ica l  expression 
of the d i f f rac t ion  pat tern,  we do not intend t o  do so.  Experimental ob- 
servations indicated tha t  within the range of angular e r rors  under con-
s idera t ion  the pa t te rn  remains bas ica l ly  the  same. The s ign i f ican t  e f f e c t  
was observed i n  the s en s i t i v i t y  of the cen t ra l  i r radiance on the polar i -  . 
zation angle, , of incident l i gh t  i n  contrary t o  the conclusion f o r  a 
geometrically perfect  re t roref lec tor8  tha t  the cen t r a l  i r radiance was not 
a function of $. 
The ana ly t ica l  expression bf cen t r a l  i r radiance of the 
d i f f r ac t ion  pa t te rn  cEn be obtained from Eq. (3) for  x = 0, and 
\ 
we have 
P
since yjt3 = y! f o r  j = 1, 2,  and 3.3 
I n  order t o  evaluate Eg. ( 4 ) ,  we can expand the  exponential function 
13
i n  terms of Bessel functions, 
m .  . 
i z  s i n  tl 
e 
-
- Jo(z) t 2 I J2n(z)cos2ntl t 12 m1 J2n+1(z)sin(2n+1)8. (5) 
n=l  . n=O . 
and then expand each Bessel function i n t o  a power s e r i e s ,  
After integrat ing Eq.  (4),  we obtain 
(0) = 5 [ 2 ~(y)/y + iA(y)l - rltB(y) + iC(y)l cos (2Q), (7) 
D 1 
The s component (cross polarization) can be obtained s imilar ly ,  
-
Us(0) = - n [B(y) + iC(y) 1 s i n  (2@).. ( 9 )  
The t o t a l  i r radiance a t  the or igin  is then the swn of the individual 
i r radiance of each polar izat ion component and rie have 
.The functions A(y), B(y.), C(y) as wel l  as 2Jl(y)/y are  p lo t ted  
i n  Fig. 2 and the functions D,,,(y), D1(y), D ~ ( Y )and D3(y) a r e  plot ted 
i n  Fig. 3 t o  i l l u s t r a t e  how these functions behave. 
For the  case of three erroneous angles., i t  has been shown tha t  
the r e f l ec t ed . l i gh t  breaks up i n t o  s i x  d i f fe ren t  direct ions  i n  general. 
Because of the  symmetry i n  the process of re f lec t ion ,  rays from opposite 
subapertures deviate from the ax i a l  di rect ion also .in opposite directions 
''lo.with the same amount Therefore the d i f f rac t ion  in t eg ra l  f o r  the 
cen t ra l  i r radiance i s ,  fo; the p component, 
1
3. ikaa.sin(8f6 )3 j do,u (0) = I YP 1 P ~ P  e 
P j=1 3 ('I3
0 (j-Or13. . 
-

where 6 i s  the angle between the direct ion of deviation and the j 

q axis ,  and a. is the angle of deviation f o r  j- th subaperture.
3 
There a r e  too many pbrameters i n  Eq. (12) to  y i e ld  a compact
! 
Pexpression; y e t  the f i n a l  form i s  s t i l l  a l i nea r  combination of y .
3 
and i t  can be wr i t ten  as 
where C C and C are complex functions 0 f . a  and 6 . Similarly,1' 2 3 j j 
f o r  s component, we have 
U (0) = nC  s i n  (24) - nC3 cos (20) . S . 2  
Then the t o t a l  i r radiance i s  
I 
2 2 2 2 1  2
where H = 151 lcll + In1 (1c21 + 1c31 ) ,1 
and 
Except an ex t r a  res idua l  phase angle A ,  Eq. (15) has the same bas i c  
form as Eq. (10). 
I n  generalieother than e r rors  i n  the angles, there  a r e  d i f f e r en t  
types of e r ro r  such as inhomogeneity i n  the  material ,  departures from 
f la tness  of surfaces,  var ia t ions  i n  the  index of; refract ion caused by 
thermal gradients,  snd so on. We can describe the resu l t ing  wave-front 
d i s t o r t i on  with an ex t r a  phase fac tor  t ha t  i s  a fiincrion of posi t ion 
i n  the  aper ture  plane. Under the conditions t h a t  the  flaws do not 
a f f ec t  t he  normalized comp1.e~ amplitudes i n  Eq. (1) appreciably, we 
can general ize  Eq. (12) and obtain 
where f(0,O.) i s  the  phase e r r o r  i n  t he  aper.cure plane. 
The cen t r a l  i r radiance resul ted from Eq. (16) has the same 
form as Eq. (15) and i t s  s inusoidal  dependence on the polar izat ion 
angle s t i l l  remains t rue .  The constants C C and C can be eval- 1' 2 3 
uated i f  f (p ,8) i s  e i t h e r  lcnown analytJ.&al.ly or  numerical.ly . 
- - 
111. Diffraction Incegral  f o r  Metalized Retroreflectors 
8 
,. As mentioned i n  a previous report  , the coeff ic ients  111 1 and 

( 51 are  much l e s s  than 151 f o r  the case of s i lvered or  aluminized 

re t roref lec tors .  Therefore, w e  can neglect n and 5 i n  Eq.  (1) and 

the  d i f f rac t ion  i n t e g r a l  i n  Eq.  (3) becomes 

-iyp s i n  9 -ixp cos (8-Q)
e dB]. 
. By changing .the var iable  and expanding exponential functions i n t o  
Bessel functions and then expanding each Bessel function i n t o  power 
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s e r i e s  as before we can evaluate Eq.  (17) and obtain . 
2 2 -112 .. . yhere xl = (x + 2xy s i n  $ + y ) , , 

2 2 112,

x2 = (X - 2xy s i n  Q + y )
-

= tan
1 

Q2 = tan 

=. 
Eq.  (118) can be readily evaluated f o r  various e r ro r  parameters y .  
As  an example, a contour p lo t  of Eq.  (18) i s  presented in -F ig .  4 for  y=l .  
N e  a l so  present ,  i n  Fig. 5, a photograph o f ' d i f f r a c t i o n  pa t t e rn  from 
an aluminized r e t r o r e f l e c t o r  which i s  made of fused s i l i c a .  The 
c i r c u l a r  f r on t  f a r e  of t h e  r e f l e c t o r  is '3.8 cm i n  diameter. There 
Ii s  a s t rong agreement between t h e  p l o t  and the  photograph. 
IV. Discussion 
Let hs f i r s t  review Eq. (11) i n  Section I1 and examine the . 
'dependence of functions DO ,  Dls D2, and D on .the e r ro r  patameter y. 3 .  
For a small y ,  the leading term i n  D D and D i s  quardratic i n  y 0' 1 2 
whereas i t  i s  l i nea r  'in D Therefore, i n  the case of an uncoated retro-3" 
re f lec tor  where 1 < I .  = 1111 the e f f ec t  of ,polarization angle on the cen t ra l  
irradiance becomes very s ignif icant .  As an example, we have wri t ten 
Eq. (10) i n  the form 
and p lo t t sd  I1 and I2 as functions of y i n  Fig. '6. The index of refract ion 
Zoeff ic ie i~t .  Fu-- I--- DO' Ci md C2 a's eT?ec functicns of r~heress  
i s  talcen t o  be 1.4571. It i s  also worth mentioning tha t  f o r  uncoated retro-
re f lec tors  5"; + 0, and I2 is consequently D 'with3 an appropriate 
-t ~ C L L I I ~ L ~ ,  37 
D i s  an odd function of y,  the  reversal  of the s ign of the e r ro r  i n  tke 3 
angle would r e su l t  i n  the reversal  'of the s ign of 12;therefore by ob- 
serving the sign of I one can also d e t e ~ i n e  the s ign of e r ror .  .The2 
e r ro r  parameter i t s e l f  can be extracted from experimental measurements by 
taking the r a t i o  of the var ia t iona l  amplitude and the mean and comparing 
tha t  with 12/Il,r?hich i s  p lo t ted  as a function of y i n  Fig. .7,. 
The r e su l t  from an experimental measurement.cn the cen t ra l  ir-
'radiance as a function .of polarization angle 4 i s
- . 
presented i n  Fig. 8. 
The c i rcu la r  dots a;e the experimental data whose standard deviation i s  
about the s i z e  of the dot. The bes t  f i t  ana ly t ica l  expression,, shown 
as the s o l i d  culve, i s  
The re t roref lec tor  i s  made of fused s i l i c a  and i ts  c i rcu la r  f ron t  face 
i s ' 3 . 8  cm i n  diameter. The ac tua l  e r ro r  parameters of the r e f l ec to r  
are  unknown because the  e r rors  under consideration are  too sm a l l t o  
be resolved wi th  presently available technique. Approximating the 
e r ro r  t o  be a s ing le  angular e r ror ,  the comparison between 0.68 i n  
Eq. (20) and the curve i n  Fig. 7 indicates  t ha t  the e r ro r  parameter 
i s  about 2.2 which corresponds t o  about one second of a r c  of e r ro r  i n  
one of the back angles. 
For the case of a metalized re t roref lec tor ,  the e f f e c t  of polar- 
i za t ion  angle on the cen t ra l  irGadiance i s  great ly  reduced because 
1 n 1 <<151. But on the other hmd, the deviation of the , t o t a l  d i f f rac t ion  
pat tern from Ai ry  pattern'becomes obvious as indicated by the contour 
x. 
o'f Fig. 4 f o r  y=l.  A photograph of the d i f f rac t ion  pat tern of an alumi-
. 	 nized re t roref lec tor  i s  shown i n  Fig. 5.' The err0.r parameter of the 
re t roref lec tor  i s  also unknown f o r  the same reason as ,mentioned before, 
but the resemblance seems t o  indicate  a poss ib i l i t y  tha t  the e r r o r  i n  
the  r e f l ec to r  i s  predominantly i n  one of the angles. 
~ d d i t i o n a l l ~ ,the bes t  f i t  ana ly t ica l  expression of the experi- 
mental measurement of the same re t roref lec tor  before aluminization i s  
I0 .= 1+.39 cos 2(4 - 7 . 7 9 .  	 (21) 
k 

In tu i t i ve ly  one f e e l s  tha t ,  the  small res idua l  phase angle also seems 
t o  ind ica te  the consistency xiith the d i f f rac t ion  pa t te rn  analysis.  
For a general case as described i n  Eq. (16), when f (p ,8) i s  
very small so t ha t  we can expand the exponential function in to  a 
Ipower s e r i e s  t o  second order:, then the constants C C and C i n1' 2 3 
. Eq. (15) can be expressed as functions of means and mean squares of 
f (p ,8) i n  the aperture plane and we have 
where < > denotes the average over the whole aperture and < > denotes the j 
average over the j-th subaperture. Notice that  I C 1 i s  equal t o  unity 1 
le s s  the variance of '  f (p, 8) /in the aperture plane j u s t  as expected of a 
s ing le  aperture d i f f rac t ion .  I 
When H and H i n  Eq. (15) are  expressed i n  terms of the means andI 2 
the mean squares of f (p, 8 ) ,  the leading terms of the phase e r r o r  i n  H1 
a re  quadratic (mean squares and squares of mean) i n  f (p ,B ) ,  whereas they 
are  l i nea r  (means) i n  H The r e su l t s  are  consistent with Eq. (10) tha t2' 
i s  the r e su l t  of an e r ro r  i n  one of the angles. 
Also note t ha t  the dependence of the cen t r a l  i r radiance on the 
polarization angle @ vanishes when the phase e r ro r  is not a function of 
8, and Eq. (16) reduces t o  the same expression derived for  a s ing le  ap- 
e r ture  
16 
V. Summary and Comment 
We have examined i n  d e t a i l  the e f f ec t s  of one angular error
-. 	 . 
i n  a r e t ro re f l ec to r  on the f a r  f i e l d  d i f f rac t ion  The cen t ra l  
i r radiance of the  d i f f rac t ion  pa t te rn  has been shown to  have cosine 
dependence on twice the polar izat ion angle i n  addit ion to  a constant 
term for  a given angular error .  The cosine dependence is also. t rue 
fo-r the  more general case where a l l . po s s i b l e  e r rors  a r e  taken in to  
account. The var ia t iona l  e f f ec t  i n  cen t ra l  i r radiance is w.ost 
s ign i f i can t  f o r  uncoated r e t ro re f l ec to r s  and negl igible  f o r  aluminized 
o r  s i lvered ones. . . 
The d i f f rac t ion  pat tern of an alirminized r e t ro re f l ec to r  i s  
bas ica l ly  an Airy pa t te rn  except there a r e  two addit ional side-lobes 
locateti on the opposite s ide  of the  cen t ra l  d i sc  for  the case of .only 
'one erroneous back angle. 
Finally,  f o r  those who a r e  interested i n  the  design of a 
r e f l ec to r  array f o r  long-distance ranging, we might comment t ha t  the 
t o t a l  re turn  s ignal  should not depend grea t ly  on the or ientat ion of 
the polar izat ion of the  incident l i g h t  when there  a r e  a la rge  number of 
re t roref lec tors  i n  the  array. Because each r e t ro re f l ec to r  maximizes i t s  
cen t ra l  i r radiance a t  a polar izat ion or ien ta t ion  different  from t h a t  
of another re t roref lec tor ,  there  i s  a tendency tha t  the  addi t ional  
. 	 sinusoidal term to  the mean i n  Eq. (15) w i l l  cancel out each other. 
Therefore ,the performance of an array is mainly determined by .the mean 
performance of the  individual re t roref lec tor  i n  the array. 
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Fig. 1 	 The f r o n t  view of k r e t r o r e f l e c t o r  w i th  a c i r c u l a r  f r o n t  f ace .  
The p o l a r i z a t i o n  ang le  $ i s  t h e  angle between t h e  p r o j e c t i o n  of 
OA and t h e  d i r e c t i o n  of p o l a r i z a t i o n  of t h e  i n c i d e n t  l i g h t .  
Fig: 2 	 Functions A(y), B(Y),  C(Y) and 2Jl(y) /Y.  
Fig.  3 	 Functions DO(y), D1(y), D2(y) and D3(y). 
Fig.  4 	 Contour l i n e s  of t h e  d i f f r a c t i o n  p a t t e r n  of a  meta l ized  r e t r o -  
r e f l e c t o r  w i t h  one erroneous back angle .  The e r r o r  parameter 
i s  talcen t o  be  1. 
Fig.  5 	 Photograph of t h e  d i f f r a c t i o n  p a t t e r n  of an a l m i n i z e d  r e t r o -  
r e f l e c t o r .  
Fig.  6 	 The a n a l y t i c a l  express ion  of t h e  mean, 11, and t h e  v a r i a t i o n a l  
amplitude I2 of t h e  c e n t r a l  i r r a d i a n c e  of  t h e  d i f f r a c t i o n  
p a t t e r n  of an uncoated s o l i d  r e t r o r e f l e c t o r  w i th  s i n g l e  erroneous 
angle  a r e  p l o t t e d  a s  funct ions  of e r r o r  parameter y  f o r  u>O. 
The index of r e f r a c t i o n  of t h e  r e t r o r e f l e c t o r  i s  assumed t o  b e  
1.4571. ' 
,/ 
Fig. 7 	 The r a t i o  I /I is p l o t t e d  a s  a  func t ion  of y  f o r  a>0.2 1 I
. 
Fig.  8 	 Comparison between t h e  b e s t  f i t  curve and t h e  exper imenta l  d a t a  
of c e n t r a l  i r r a d i a n c e  as  a func t ion  of p o l a r i z a t i o n  angle  $. 
The b e s t  f i t  express ion  i s  I = 1.0 - 0.68 cos 2($ + 5.28').0 
Fig. I 
The f ron t  view of a  r e t ro re f l ec to r  with a  c i rcu la r  f ront  face. 
The polarization angle + i s  the angle between the projection of 
OA and the d i rec t ion  of polarization of the incident l igh t .  

Y 

Fig. 3 

Fig. 4 
Cootour l i n e s  of the  d i f f r ac t ion  pa t te rn  of a metalized re t ro-  
The e r ro r  parameter r e f l ec to r  with one erroneous back angle. 
i s  taken t o  be 1. 
Pig.  5 

Photograph of t h e  d i f f r a c t i o n  p a t t e r n  of  an a l m i n i z e d  r e t r o r e f l e c t o r .  

Fig. 6 
The ana ly t ica l  expression of the mean, 11, and the var ia t iona l  
amplitude I of the  cen t ra l  i r radiance of the d i f f r ac t ion  2pattern of an uncoated so l id  r e t ro re f l ec to r  with s ing le  erroneous 
angle a r e  plot ted as  functions of e r ro r  parameter y  for  COO. 
The index of re f rac t ion  of the r e t ro re f l ec to r  is assuned t o  be 
1.4571. 
Fig. 7 
The r a t i o  I /I is plot ted as a function of y fo r  a>0.2 1 
Comparison between the best  f i t  curve and the experimental data 
of cen t ra l  i r radiance as a function of polar izat ion angle Q. 
The bes t  f i t  espression i s  I0 = 1.0 - 0.68 cos 2(Q f 5.28'). 
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A. 	 PURPOSE AND SCOPE 
The purpose of t h i s  s tudy was t o  d e f i n e  t h e  thermal performance 
. o f  va r ious  a r r a y  thermal c o n t r o l  systems as  a  necessary f i r s t  s t e p  i n  
' the-development of an a r r a y  design f o r  t h e  Laser Ranging Retro-Reflector  
(LRRR) Experiment. I n i t i a l l y ,  t h e  des ign  requirements were based on 
t h e  LRRR Experiment being p a r t  of t h e  Mainline ALSEP. I-lowever, i n  the 
l a t t e r  s t a g e s  of t h e  work (modif ica t ion  No. 2 t o  our c o n t r a c t )  emphasis 
was g iven  t o  those  t a sks  having a p p l i c a b i l i t y  t o  t h e  EASEP Program, a s  

w e l l  a s  t h e  Mainl ine ALSEP. 

The work d iscussed  i n  t h i s  r e p o r t  inc ludes  thermal a n a l y s i s  and 
a s soc ia t ed  t a s k s  r e l a t i v e  t o  t h e  a r r ay  thermal  c o n t r o l  s,ystem. The thermal 
a n a l y s i s  t a s k s  included develo~ment  of a comDuter model and us ing  i t  t o  
determine r e t r o - r e f l e c t o r  temperature d i s t r i b u t i o n s  f o r  louver  and s u r f a c e  
r a d i a t o r  thermal  c o n t r o l  conf igura t ions .  Various des ign  parameters were 
then i n v e s t i g a t e d  f o r  both  conf igura t ions  f o r  a  range of sun angles .  I n  
. 
conjunct ion ,with t h e  thermal a n a l y s i s ,  ,preliminary ray- t rac ing  work was 
s t a r t e d  t o  a s s e s s . t h e  e f f e c t s  of  temperature g r a d i e n t s  on o p t i c a l  per- 

formance. DesYgn s t u d i e s  were conducted t o  e s t a b l i s h  f e a s i b l e  c o n t r o l  

conf igura t ions  f o r  a n a i y s i s ,  t o  expiore  techniques of oanel  s t r u c t u r a i  

design,  s?d' t o  eva lua te  s u r f a c e  coa t ings .  
Ar thu r  D.  L i t t l e ,  I n c .  (ADL) h a s  had a l ong  a s s o c i a t i o n -w i t h  chi, . 
i n v e s t i g a t o r  proup and Rendix Aerospace  Systems D i v i s l o n  on t h e  Lascl. 
,,haneinx ?.e:ro-Reflector Exper iment ,  d a t i n g  back t o  e a r l y  1967.  Two 
c o n t r a c t s  have heen funded th rough  t h e  Un i v e r s i t y  o f . ? l a ry land  i n  a d d i t i o n  
t o  a v e r y  s u b s t a n t i a l  e f f o r t  funded by ADL. 
Under c o n t r a c t  t o  t h e  Un i v e r s i t y  of  Maryland d u r i n g  t h e  Sp r i n g  of  
1957 ;se conductsd  p re l imiminary  t h e rma l  a n a l y s i s  and mechan ica l  d e s i gn  of 
t h e  r e t r o - r e f l e c t o r  a r r a y  f o r  t h e  Ma in l i ne  ALSEP Program. Our f i n a l  r e p o r t  
i t e d  "Thermal Anal>-s is  and P r e l im i n a r y  Mechanical  Design of  Re t ro -  
R e f l e c t o r  Array" (Augu s t 1967 ) ,  con t a i ned  p r e d i c t i o n s  o f ' r e t r o - r e f l e c t o r  
t em?era tu re  g r a d i e n t s  and i nc l uded  a p r e l im i n a r y  d e s i g n  concep t  i n c o r p o r a ~ i n g  
bo th  thermal c s n t r o l  and s t r u c t u r a l  p r o t e c t i o n .  
From mid-1967 t o  mid-1968, under  o u r  0Y.m fund inq ,  we p a r t i c i p a t e d  i n  
a n  i n r e s r j g a t i o n  of r e t r o - r e f l e c t o r  v endo r s ,  and l i a i s o n  xji th t h e  investiqa:o:- 
grou?. TI? t h i s  p e r i o d  we a l s o  submi t t ed  s e v e r a l  p r opo s a l s  t o  t h e  Rendix 
her.cs?ace Sysfems -D i v i s i o n  For t h e  Ma in l i ne  ALSEP: 
e 	 Augus? 1967 - f o r  t h e  d e s i g n ,  development and f a b r i c a t i o n  o f  a r r n v s  
f o r  t h e  LRRR. (Th i s  p roposa l  p r e s e n t e d  ou r  p l a n  f o r  t h e  o v e r a l l  
prop;am and i nc luded  p r e l im i n a r y  d e s i g n  d rawings  of a b a s e l i n e  
a r r a y  c o n f i g u r a t i o n  mee t ing  space  ] . im i t a t i on s  f o r  a s e l e c t e d  ALqE:. 
. l o c a t i o n )  ; 
a J anua ry  1968 - f o r  t h e  desLgn d e f i n i t i o n  (Phase  I) of  t h e  a r r a y s  
-. i o r  t h e  LRRR Program; 
E 	 ?larch I968  - a budge t a ry  c o s t  p r opo s a l  f o r  a  ma tch ine  Phase T T  
-.Program; 
.. 
6. 	 ~ ~ r i i  budge ta ry  c o s t  p roposa l  For a1468 - a  reduced  s cope  pl-oi.,r;!~i.. 
(Najor  r e d u c t i o n s  i n  scope  and c o s t  were  ach ieved  by e l im ina i i n :  
a l l  r e s pon s i . b i l i t y  f o r  t h e  s e l e c t i o n ,  s p e c i f i c a t L o n ,  and p rocu r eoen t  
of Fl i f ih t  q u a l i t y  r e t r o - r e f l e c t o r s .  I n  a d d i t i o n ,  s o l a r - o p t i c a l  ' 
tes:ing was e l im i n a t e d  from t h e  b a s i c  program and proposed a s  a:> ni>::oi~. 
I n  June  of  1968 w e  were  awarded t h e  c o n t r a c t  th rough  t h e  U n i v e r s i t : ~  
of Maryland t o  d e f i n e  t h e  the rmal  performance of  v a r i o u s  a r r a v  t h e rma l  
c o n t r o l  sys tems  f o r  t h e  LRRR. Th i s  work,  p r im a r i l y  the rmal  a n a l y s i s ,  was 
c o n s i s t e n t  w i t h  t h e  s cope  and f und ing  of  c e r t a i n  i n i t i a l  t a s k s  d e s c r i b e d  
i n  ou r  A p r i l  1968 p r opo s a l  ko Bendix Aerospace  Systems D i v i s i o n .  Ea r l y  
i n  October  1968,  we r e c e i v ed  mod i f i c a t i o n  No. 2 t o  o u r  c o n t r a c t  which 
enab led  u s  t o  c o n t i n u e  ou r  work i n  t h e rma l  a n a l y s i s ,  computa t ion  of o p t i c a l  
performance,  and d e s i g n  s uppo r t .  I n  accompl i sh ing  mod i f i c a t i o n  No. 2 ,  we 
gave p r i o r i t y  t o  t h o s e  t a s k s  hav ing  a p p l i c a b i l i t y  t o  t h e  EASEP Program, a s  
w e l l  a s  t h e  Ma in l i ne  ALSEP. Th i s  work was performed on a n  a cce l e r a t - ed  
s chedu l e ,  and excep t  f o r  r e p o r t  p r e p a r a t i o n ,  was e s s e n t i a l l y  completed i n  
October .  
In-mid-October  1968,  i n  a n t i c i p a t i o n  of  a c o n t r a c t  from t h e  Bendix 
Aerospace  Systems D i v i s i o n ,  we began a n  i n t e n s i v e  e f f o r t  t o  d e s i g n ,  d eve lop ,  
and test a r e t r o - r e f l e c t o r  a r r a y  f o r  t h e  EASEP Program. Phase  A o f  t h i s  
program, e ng i n e e r i n g  d e s i g n ,  t e rm i n a t e s  w i t h  a c r i t i c a l  d e s i g n  rev iew 
s chedu l ed  f o r  e a r l y  J anua ry  1969. 
1. Thermal Ana ly s i s  
An a l y t i c a l  s t u d i e s  were performed t o  de te rmine  t h e  ten.nt,r;:lurc 
f i r a d i e n t s  i n  a r e t r o - r e f l e c t o r  a r r a y  l o c a t e d  on t h e  l u n a r  s u r f a c e .  i:o~!-::. 
t h e r z a l  models Icere used t o  p r e d i c t  t h e  t empe ra tu r e  d i s t r i b u t i o n s  a s  a 
f u n c t i o n  of  t i m e  f o r  two d e s i g n  c o n f i ~ u r a t i o n s .  One u t t l i z e d  a s u r f ; ~ c e  
r ad i z t o r -  of  s e l e c t e d  the rmal  p r o p e r t i e s  t o  lower  t h e  s t r u c t u r a l  :enl?cr'?-
t u r f s  and g r a d i e n t s  w i t h i n  t h e  r e t r o - r e f l e c t o r  d u r i n g  t h e  l u n a r  day .  Ihe 
o t h e r  u t i l i z e d  a l o u v e r  ( egg-c ra te )  a r r a y .  t o  minimize  t h e  t empe ra tu r e  
g r a d i e n t s  d u r i n x  t h e  l u n a r  day.  
The details of t h e  thermal. a n a l y s i s  work a r e  p r e s en t ed  i n  Techn icn i  
k n o r a n d a  Nos. 1, 2 ,  and 4 o f .  t h i s  r e p o r t .  A b r i e f  summary of'  t h e  niajor 
r e s u l t s  is p r e s en t ed  below. 
Usinq a t h e rma l  model r e p r e s e n t i n g  t h e  r e t r o - r e f l e c t o r ,  t h e  
s t r u c t u r e  e n c l o s i n g  t h e  r e t r o - r e f l e c t o r ,  and a s u r f a c e  r a d i a t o r ,  a number 
o f  p2raae:ric ccmputer  s t u d i e s  were completed t o  o b t a i n  t empe ra tu r e  d i s -  
--:, , , hu t i on s  a s  f u n c t i o n s  of t ime .  The maximum v e r t i c a l  t e m ~ e r a t u r c  . ' < f f e r - . ~ c ~  
(29) Setween t h e  apex  of t h e  r e t r o - r e f l e c t o r  and t h e  c e n t e r  o f  t h e  f r o n t  
( e sposed)  s u r t a c e  was computed f o r  a  r ange  of s o l a r  absorptance--to-emittan,.: 
r a t i o s  ( a / c )  and s u r f a c e  a r e a s  f o r  t h e  r a d i a t o r  c o n f i q u r a t i o n .  The moqc 
e f f e c t i v e  s u r f a c e  r a d i a t o r  c o n f i g u r a t i o n  examined u t i l i z e s  a r a d i a t o r  
s u r f a c e  w i t h  a low s o l a r  absorptance-to-emittance r a t i o  ( a  = 0 . 06 ,  r = 0 . S 5 ;  
!diib a r a d i a t o r  a r e a  of approx imate ly  4 . 7  s q  cm p e r  r e f l e c t o r  e lement  (&(Iy 
o f  :he s u r f a c e  a r e a  of  t h e  r e t r o - r e f l e c t o r )  and a n  a r r a y  w i t h  mu l t i l a v e r  
i n s u l a t i o n  used t o  r a d i a t i v e l y  decoup le  t h e  c y l i n d r i c a l  s t r u c t u r e  from t i ~ c  
l u c a r  s u r f a c e ,  t h e  maximum v e r t i c a l  LIT i n  t h e  r e t r o - r e f l e c t o r  (rnea?!:r-i~d i:-.-: 
t h e  apex t o  t h e  c e n t e r  of t h e  t o p  s u r f a c e )  was c a l c u l a t e d  t o  be  1 . . 4 "X .  T h r  
~ax imumbT oc cu r s  i n  t h e  range  o f  sun a n g l e s  from 20° t o  30° (measul-ed f ro- ,  
2. 
t h e  normal t o  t h e  f r o n t  s u r f a c e  of  t h e  r e t r o - r e f l e c t o r )  and is a Funct ion 
of t h e  mounting conduc tance  between t h e  r e t r o - r e f l e c ~ o r  and s t r u c t u r e .  T!II 
r>eriormance of t h i s  s u r f a c e  r a d i a t o r  c o n r i g u r a t i o n ,  with z e r o  mount c o n d~~ r t a r t c c .  
i s  shown by t h e  " b e s t  r a d i a t o r "  cu rve  i n  F i qu r e  1. 
Sun Angle 
FIGURE 11 INFLUENCE OF LOUVER WEIGHT 
ON VERTICAL AT  
During t h e  l u n a r  n i g h t  and a t  s u n r i s e  and s u n s e t ,  t h e  c a l t r u l d i : ~  
t e n n e r a t u r e  d i f E e r e n c e s  i n  t h e  r e t r o - ~ e f l e c t o r  were less than  O.2S0K .-el-
:he s u r f a c e ,  r a d i a t o r  c o n f i j i u r a t i o n .  The maximum and minimum nlean cex!;c,r~--
I 
*t u r e s  of  t h e  r e t r o - r e f l e c t o r  were  p r e d i c t e d  t o  b e  207~"K and Sh°K, rcspcs :  :.. 
For t h e  l o u v e r  c o n f i g u r a t i - o n ,  t h e  computer s t u d i e s  showed tli:.: -
t h e  r e t r o - r e f l e c t o r  i s  most n e a r l y  i s o t h e r m a l  when l o u v e r . c e l l s  o f  l n r r c s  
he ight-width  r a t i o s ,  o f  h i g h  e m i t t a n c e  a r e  used.  . The maximum t e m n e r a t u r e  
e r a d i e n t s  . in  t h e  r e t r o - r e f l e c t o r  occur  w i t h  t h e  sun  n e a r l y  overhead :..I!-
l a r g e  height-wid,th r a t i o s  (>1.25)  and . a t  sun  s n g l e s  o f  approx imare ly  I h o  
.from t h e  normal (when t h e  r e t r o - r e f l e c t o r  undergoes  "breakthrough" g r  1os.s 
-of r e f l e c t a n c e )  f o r  s m a l l e r  he igh t -wid th  r a t i o s  o f  t h e  l o u v e r .  F i g u r e  1 
shows t h e  t h e r m a l  pe r fo rmance ,  e x p r e s s e d  a s  v e r t i c a l  t e m p e r a t u r e  d i f fe i -eqc .c ,  
f o r  "black"  l o u v e r s  w i t h  he igh t -wid th  r a t i o s  r a n c i n e  f rom 0.3125 t o  2 . 5 .  
The r e s u l t s  a r e ~ b a s e d  on z e r o  mount conduc tance .  A s  was t h e  c a s e  f o r  t h ~  
s u r f a c e  r a d i a t o r ,  t h e  t h e r m a l  conduc tance  between t h e  s t r u c t u r e  and r e t r o -
r e f l e c t o r  a t  t h e  mounting p o i n t s  was found t o  s i . g n i f i c a n t l y  i n f l u e n c e  thc 
t e m p e r a t u r e  g r ~ d i e n t s  in t h e  r e $ r o - r e f l e c t o r .  
2 .  Computation,  o f  O p t i c a l  Performance 
A major  p o r t i o n  of  t h i s  t a s k  was concerned w i t h  e s t i m a t i n z  t ! ~ e  

e f f e c t s  o f  t h e r m a l  g r a d i e n t s  ~ ~ t i c a l ' ~ e r ~ o r m a n c e . 
on T e c h n i c a l  Vemor;ln.l~:n, 
No. 3 i n  t h i s  r e p o r t  d e s c r i b e s  t h e  a n a l y t i c a l  r a y - t r a c i n g ' p r o c e d u r e  ~ ~ h i c l i  
was developed and a p p l i e d - t o  a  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  i n  t h e  r e t r a -
r e f l e c t o r .  'The major  k e s u l t ,  shown i n  F i g u r e  2 ,  p r e s e n t s  r e l a t i v e  ccn t r . i l  
i r r a d i a n c e  a s  a f u n c t i o n  of v e r t i c a l  t e m p e r a t u r e  z r a d i e n t .  T t  i s  tcmptin: 
K O  combine t h e  r e s u l t s  of F i z u r e s  1 and 2  t o  o b t a i n  r e l a t i v e  c e n t r a l  
i r r a d i a n c e  f o r  v a r i o u s  c o n f i g u r a t i o n s  as a f u n c t i o n  of  t ime .  Rowever, i t  
shou ld  b e  r e a l i z e d  t h a t  p r o d u c t s  of  such a combina t ion  can  o n l v  r e s u l t  .in ' 
a v e r y  g r o s s  performance e s t i m a t e ,  n o t  o n l y  b e c a u s e  t h e  F i z u r e  1 temper , i turc  
r e s u 1 . t ~  do n o t  i n c l u d f i  c e r t a i n  r e a l  e f f e c t s  such  a s  f i n i t e  mount conduct.iriie 
b u t  a l s o  because  r a d i a l  a s  w e l l  as v e r t i c a l  g r a d i e n t s  w i l l  k f l u e n c e  o p c i c a i  
performance.  
FIGURE 2 RELATIVE CENTRAL IRRABIANCE AS A FUNCTION 

OF TEMPERATURE DIFFERENCE (LINEAR GRADIENT) 

A second p a r t  of t h e  t a s k  was concerned w i t h  de t e rm in ing  t h e  e . C ' : ~ s . .  
of  r e t r o - r e f l e c t o r  f a c e  shape ,  l o u v e r  o b s cu r a t i o n ,  and o p t i c a l  p e r i r r ~ n r ~  ,. 
Th i s  wrrk  is d i s c u s s e d  i n  Techn i ca l  Memorandum No. 6 .  The r e s u l t s  i n d : ~  I . .  . 
t h a t  no  c l e a r - c u t  perfokmance advan tage  i s  ob t a i n ed  w i t h  r a t i o s  of s"p2r-
s c r i b e d  t o  i n s c r i b e d  c i r c l e  g r e a t e r  t h an  1 . 0 .  The r e fo r e ,  a round o r  
hexagonal  f a c e  is p r e f e r a b l e  t o  a t r i a n g u l a r  f a c e .  O b s c u ~ a t i o n  o f  off-a:..:.: 
l a s e r  beams by l o u v e r s  was found t o  be  a s i g n i f i c a n t  e f f e c t ;  f o r  i n s l a n < c .  
a t  a n  o f f - a x i s  a n g l e ' o f  l o o ,  a he igh t -wid th  r a t i o  of 0 . 5  r e s u l t s  i n  an  
o b s cu r a t i o n  l o s s  of  abou t  40%. 
3 .  	 Design 
The p r e l im i n a r y  de s i gn  of  a b r azed  pane l  s t r u c t u r e  f o r  t h e  \ la<nli i :-  
ALSEP Program was accomplished and a  mock-up c on s t r u c t e d  t o  demonstratc.  
f a b r i c a t i o n  f e a s i b i l i t y  and t o  measure p an e l  s t i f f n e s s .  Although t h e  
f a b r i c a t i o n  t e chn ique  was i nvo lved ,  i t  appeared t o  y i e l d  a s a t i s f a c t o r v  
s t r u c t u r e  of  n e a r  optimum s t r e n g t h  p e r  u n i t  we igh t .  Th i s  d e s i gn  i s  drs-
c r i b e d  i n  more  d e t a i l  i n  Techn i ca l  Memorandum No. 5.  
I n  t h e  l a t t e r  Da r t  of t h i s  program, t h e  de s i gn  e f f o r t  was fncus..ii 
' on  work which would b e  a p p l i c a b l e  t o  EASEP, a s  w e l l  a s  Waih l ine  AI.SEP. 
Some of  t h e  r e s u l t s  o b t a i n ed  were  a s  f o l l ows :  
Q 	 For  l o uv e r  h e i g h t  r a t i o s  i n  t h e  g e n e r a l  r ange  of  . 3  t o  .5, a i d  
i f  we igh t  i s  n o t  a paramount c o n s i d e r a t i o n ,  i t  is f e a s i b l e  t , ,  
machine t h e  a r r a y  p a n e l  from a  s o l i d  b l ock  of  , mum.a l u v '  
o 	 A c l e a r  chromic o r  s u l p h u r i c  a c i d  anod i ze  appea r s  t o  b e  an  
a p p r o p r i a t e  "high emi t t ance "  s u r f a c e  c o a t i n g  f o r  6061-TA 
aluminum. 
D. CONCLUSIONS AND RECOrnENDATIONS 
1. The louver  thermal  c o n t r o l  conf igu ra t ion  appears t o  be  t h e  
b e s t  design f o r  ob ta in ing  minimum o p t i c a l  d i s t o r t i o n  throughout the  
luna r  cyc le  c o n s i s t e n t  w i th  p r a c t i c a l  s u r f a c e  coa t ings .  
' 2. Large louver  height-to-width r a t i o s  favor thermal .contro1,  
b u t  a t  t h e  expense of obscura t ion  i n  of f -axis  opera t ion .  The optimum 
louver  h e i g h t  should be  obtained by balancing thermal  performance aga ins t  
l a s e r  obscurat ion.  I n  performing t h i s  opt imiza t ion ,  a ray-'tracing program 
could be  used t o  determine the  o v e r a l l  e f f e c t  of t h e  a c t u a l  temperature 
d i s t r i b u t i o n s  on o p t i c a l  performance. 
3. 	 To o b t a i n  t h e  optimum thermal performance f o r  a  given louver  
-	 he igh t ,  t h e  a r r ay .des ign  should inco rpora t e  t h e  following: 
Minimum conductance across  t h e  mounts between t h e  r e t r o -  0. 
r e f l e c t o r s  and a r r a y ,  
0 	 Maximum thermal  'conductance between t h e  elements of t h e  
a r r a y  s t r u c t u r e  i n  f r o n t  of and behind t h e  r e t r o -  
r e f l e c t o r s ,  
a 	 A minimum emi t tance  s u r f a c e  ( i . e . ,  po l i shed  aluminum) on 
, 
t h e  c a n i s t e r  behind t h e ' r e t r o - r e f l e c t o r ,  
o 	 A high  emit tance s u r f a c e  ( i . e . ,  c l e a r  anodize) on t h e  
louver  (.or cav i ty )  w a l l s  on t h e  f r o n t  of  t h e  r e t ro -  
r e f l e c t o r ,  
a 	 A low emi t tance ,  low s o l a r  absorptance s u r f a c e ,  ( i . e . ,  
po l i shed  aluminum) on t h e  top of the  a r r ay ;  
e 	 I f  t h e  a r r ay  is pos i t i oned  above another  s u r f a c e ,  such 
a s  t h e  p a l l e t ,  and conduct ively coupled t o  t h i s  s u r f a c e ,  
. 	t h e  su r faces  of t h e  bottom of  t h e  a r r a y  and t h e  top of 
t h e  mounting p a l l e t  should have 1o;emittance and low 
s o l a r  absorptance.  
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I. SUiliELLPY AND CONCLUSIONS 
A pre l iminary  a n a l y t i c a l  s tudy was made t o  determine t h e  tempfratr~,.c 
g r a d i e n t s  caused by s o l a r  hea t ing  i n  s e v e r a l  geometr ic  conf igu ra t ions  re;.r.. 
s e n t a t i v e  of  t h e  a c t u a l  r e t r o - r e f l e c t o r  geometry. The conf igu ra t ions  
s tud ied  were: 1 )  a  p a r a l l e l  p l ane  s l a b ,  2)  a  con ica l  segment of a sphe re .  
3) a r i g h t  cone, and 4 )  a  pyramid. I n  a l l  ca ses ,  t h e  a l t i t u d e s  ( o r  
I 
v e r t i c a l  h e i g h t s )  were chosen t o  be equal  (2.54 cm) and a l l  faces--with 
t h e  except ion  of  t h e  f ace  normal t o  t h e  i n c i d e n t  s o l a r  flux-+ere talcen, 
t o  be a d i a b a t i c .  The f ace  normal t o  t h e  i n c i d e n t  f l u x  was assumed t o  rad : -  
a t e  t o  a 0°K sink.  Thermophysical p r o p e r t i e s  c h a r a c t e r i s t i c  of fused s1.1; -
c a  were used i n  the  c a l c u l a t i o n s .  
With t h e  .assumptions of a  uni for& volumetr ic  hea t ing  and t h e  s o l a r  
-	 f l u x  i n c i d e n t  normally on t h e  r e f l e c t o r ,  t h e  p red ic t ed  temperature d i f -  
fe rences  across  t h e  s l a b ,  s p h e r i c a l  segment, and pyramid were roughly 3/4'K. 
For t h e  same condi t ions ,  t h e  temperature d i f f e r e n c e  p red ic t ed  f o r  a cone 
was approximately 3/5'K; c a l c u l a t i o n s  performed f o r  a  s l a b  wi th  a  non- 
uniform d i s t r i b u t i o n  of volumetr ic  hea t ing  y i e lded  a temperature d i f f e l - e ? ? , ~  
s l i g h t l y  l a r g e r  than l/Z°K. The exac t  numerical  r e s u l t s  a r e  summarized i n  
Table 1. 
' TABLE 	 1 
I 
-	 Temperature Dif ference  Across Ref l ec to r  
Caused by So la r  Heat ing  
Geometry 	 (AT)uniform (AT)non-uniform 
(AT)uniform 
Slab  0.733 0.766 
Segment o f  sphere  0.733 -
-Right t o n e  0.578 

Pyramid 0.733 -

Severa l  important conclusions can be drawn from t h e  r e s u l t s  obtained:  

Calcula t ions  performed assuming a  uniform hea t ing  w i l l  

b e  conserva t ive .  However, t h e  assumption of  a uniform 

volumetr ic  h e a t i n g  l e a d s  t o  a p red ic t ed  temperature 
d i f f e r e n c e  only  s l i g h t l y  l a r g e r  than obta ined  wi th  
t h e  a c t u a l  d i s t r i b u t i o n  of  hea t ing  taken i n t o  ac- 
count.  
A s i m p l i f i e d  model such a s  a  s l a b  can be used t o  
e s t i m a t e  t h e  thermal performance of  t h e  more com-
p l e x  r e t r o - r e f l e c t o r  conf igura t ion .  I n  add i t ion ,  
exac t  a n a l y t i c a l  s o l u t i o n s  can b e  obta ined  f o r  
comparison wi th  r e s u l t s  from a  numerical s o l u t i o n .  
This  procedure w i l l  be adopted t o  determine t h e  
number of  subd iv i s ions  r equ i red  f o r  accu ra t e  com- 
p u t a t i o n s  us ing  a  f i n i t e - d i f f e r e n c e  technique. 
11. INTRODUCTION 	 . . 
Deta i l ed  examinations o f  t h e  temperature g rad ien t s  caused by a  volu- 
me t r i c  h e a t i n g  have been performed f o r  s e v e r a l  s i m p l i f i e d  geometr ies .  A 
d e s c r i p t i o n  of t h e s e  geometries and t h e  appropr i a t e  a n a l y t i c a l  express ions  
f o r  t h e  temperature d i s t r i b u t i o n  w i l l  b e - g i v e n  i n  t h e  fol lowing sec t fon .  
I n  o r d e r  t o  h i g h l i g h t  t h e  importance of volumetr ic  h e a t i n g ,  t h e  boun- 
d a r i e s  o f  t h e  conf igura t ions  r ep resen t ing  t h e  s i n g l e  r e t r o - r e f l e c t o r  were 
taken t o  b e  a d i a b a t i c  w i th  t h e  exception of t h e  s u r f a c e  normal t o  t h e  
i n c i d e n t  s o l a r  energy. ( k t  i s  expected t h a t  these  f aces  w i l l  be  n e a r l y  
a d i a b a t i c  i n  t h e  a c t u a l  phys ica l  s i t u a t i o n . )  The f a c e  normal t o  t h e  i n -  
c ident  r a d i a t i o n  r a d i a t e s  energy t o  f r e e  space. The f u r t h e r  assumption 
was made t h a t  t h e  s o l a r  r a d i a t i o n  s u f f e r e d  complete i n t e r n a l  r e f l e c t i o n  
a t  t h e  back face  of t h e  r e f l e c t o r  arid t h a t  t h e  t o t a l  pa th  length  w i t h i n  
the  qua r t z  is t h e  same f o r  any a r b i t r a r y  ray of i n c i d e n t  r a d i a t i o n .  
C 
-
-. 
111. 	 ANALYTICAL MODELS FOR HEAT TRANSFER 
1I n  a  previous r epor t  some prel iminary e s t ima tes  were made of t h e  . 
temperature g rad ien t s  a r i s i n g  wi th in  a s i n g l e  r e t r o - r e f l e c t o r  from s o l a r  
1. 	 "Thermal Analysis and Pre l iminary  Mechanical Design of Retro-Keflector 
Array ," Arthur D. L i t t l e ,  I n c . ,  1967. 
I 
hea t ing .  Values f o r  t h e  t o t a l  absoi.ptance versus  pa th  length  of Englehtlrri 
"Suprasi l"  q u a r t z  f o r  i n c i d e n t  5800% blackbody r a d i a t i o n  were i l l u s t r a t e i i  
i n  Figure 16 of t h a t  r e p o r t .  For a  r e f l e c t o r  of a l t i t u d e  h = 2.54 cm, tile
* 
t o t a l  absorptance was repor ted  t o  b e  a (2h) = 0.047. With a s o l a r  f l u x  I' 
i n c i d e n t  on a s u r f a c e  a r e a  A t h e  energy r a d i a t e d  t o  space i n  s t eady  statesS' 
is simply 
4 * 
E A aTS = a (2h) ASF 	 (1)S , s  
where cS i s  t h e  s u r f a c e  emi t tance  and T i s  t h e  s u r f a c e  temperature;  theS 
q u a n t i t y  0 i s  t h e  Stefan-Boltzmann cons tant .  The va lue  assumed f o r  F was 
t h e  s o l a r  constant1; va lues  used f o r  t h e  s u r f a c e  emit tance and thermal 
2,3.conduct iv i ty  were c h a r a c t e r i s t i c  of  fused  s i l i c a  . 
.Before d i scuss ing  t h e  i n d i v i d u a l  hea t  t r a n s f e r  conf igu ra t ions ,  we 
w i l l  cons ider  t h e  volumetr ic  h e a t  genera t ion  terms. I f  K 'represen1:s t h eX 
s p e c t r a l  absorpt ion  c o e f f i c i e n t  w i t h i n  t h e  qua r t z  and FA i s  t h e  s p e c t r a l  
i n c i d e n t  s o l a r  f l u x ,  t h e  h e a t  genera t ion  term has  t h e  fol lowing form: 
Note t h a t  the  second term w i t h i n  t h e  i n t e g r a l  accounts f o r  t h e  complete 
, i n t e r n a l  r e f l e c t i o n  of t h e  r a d i a n t  energy a t  t h e  back f ace  x = h. 
Defining . 
X 	 -K X 
e A d~ 	 (3a) 
0 
where 
2. 	 R. A. Breuch, G. A. B e l l ,  N. J .  Douglas, "Temperature Control  Coatings 
f o r  Cryogenic Temperature Subs t r a t e s , "  A i r  Force Mate r i a l s  Laboratory,  
Report Am-TR-66-10,, P a r t  11, 1967. 
3.  	 Thermophysical P r o p e r t i e s  Research Center,  Purdue Un ive r s i ty ,  La faye t t e ,  
Indiana.  1966. 
we f i nd  t h a t  
iI n  the  formulat ion which fo l lows,  we w i l l  need t o  eva lua te  i n t e g r a l s  of 
the  form [i q '  ' ' ( n )  dn] d i .  I n  o rde r  t o  cympute these  i n t e g r a l s ,  the 
funct ion  a*. (5) shown i n  Figure 16 of Reference (1) was f i t t e d  by a th i rd -
o rde r  polynomial: .> -, 
. . '* 2 3 
a (5) = 0.0274 6 - 0.0072 5 + 0.0007 5 (5) 
1.. Volumetric Heat ing i n  a Slab 
The phys ica l  s i t u a t i o n  and the  coordina te  system f o r  a s l a b  a r e  il-
l u s t r a t e d  i n  F igure  l. 
L..-- perfectly reflecting 
back face. . . 
FIGURE 1 PHYSICAL SITUATION -SLAB 
The governing equat ions a r e  
and 
Solving these  equat ions ,  we ob ta in  
where 
0 
Therefore,  f o r  t h e  gene ra l  case  of non-uniform hea t ing ,  
I n  t h e  case of uniform vo lnne t r i c  h ea t i ng  
and we ob ta in  
The r a t i o  of t hese  two temperature d i f f e rences  i s  simply 
2.  Volumetric Heating of a Conical Segment of a Sphere 
Consider a sphere  wi th  a uniform volumetr ic  h ea t  genera t ion  r a t e  and 
which r ad i a t e s  f r e e l y  t o  space.  We may ob t a i n  the  temperature d i s t r i b u t i o n  
i n  t h e  con ica l  segment i l l u s t r a t e d  i n  F igure  2 by computing t h e  temperature 
d i s t r i b u t i o n  w i t h i n  t h e  sphere  i t s e l f .  
FIGURE 2 PHYSICAL SITUATION -SEGiViENT O F  SPHERE 
The governing equat ions  f o r  t h i s  geometry a r e  
and 
Solving these  equat ions ,  we ob ta in  
. . . . 
1 R  * . -AT = T(O) - T(R) = -- a F (11)
. . 2 k 
X- X-

I f  a = a ( 2 ~ )  and R = h ,  we ob ta in  t h e  same r e s u l t  t h a t  we found f o r  a 
./. 
s l ab .  
3.  Volumetric Heating of a Cone 
No exact  s o l u t i o n s  a r e  known f o r  t h e  temperature d i s t r i b u t i o n  i n  a 
cone. The method used he r e  i s  t h e  so-cal led Method of  Zones. ' 
This method i s  ba ied  on t h e  use of an assumed func t iona l  form f o r  
the  temperature d i s t r i b u t i o n  i n  a zone. Mean su r f a c e  temperatures and a 
mean zone temperature a r e  determined i n  terms of  t h e  cons tants  appearing 
i n  the  express ion  f o r  t h e  temperature d i s t r i b u t i o n .  I n t eg r a t ed  su r face  
hea t  f luxes  a r e  then found i n  terms of the  same cons tants  and a r e  w r i t t e n  
i n  terms of the.mean su r face  and mean zone temperatures.  
The con ica l  geometry analyzed i n  t h i s  s e c t i on  is i l l u s t r a t e d  i n  
Figure 3 .  The r ad i u s  p i s  taken t o  b e  1.9 cm. 
FIGURE 3 PHYSICAL SITUATION -.RIGHT CONE 
The temperature d i s t r i b u t i o n  f o r  t h e  cone is taken t o  be  
where a and a a r e  cons tants  t o  be determined from expressions f o r  
0'  al 2 
t h e  mean s u r f a c e  temperatures ,  T and Tb, and t h e  mean zone temperature, 
I S 
'Jsing this f i inc t iocz l  :for- f o r  t h e  temperature d i s t r i b u t i o n ,  t h eTm' 

i n t eg r a t ed  s u r f a c e  f l uxe s  i n  t h e  di;rection of t h e  outward drawn normals 
a r e  
and 
20Q = nhk (5Tm - 4T - Tb)
S s 
In t h e  p r e s en t  case ,  
h 

ldith i!iese boundary condi t ions ,  the temperature d i f f e r ence  ac ross  t h e  c ow  
reduces t o  
h *A? = T(0,O) - T(0,h) = 0.394 j; a (2h)F (121 
4 .  Volumetric Heat ing of a Pyramid, 
An approximate express ion  f o r  the  temperature drop ac ross  a pyramid 
was a l s o  obta ined  using the  Method of  Zones. The phys ica l  conf igu ra t ion  
and coordina te  systems a r e  shown i n  ~ i g u r e  4. 
Y 
FIGURE 4 Pf+\IS!CAL C!TL!9..TIQF! - PYRAMID 
The f unc t i ona l  form of t h e  temperature d e s t r i bu t i on  wi th in  a pyramid 
was taken t o  be -
Again so lv ing  f o r  mean su r f a c e  temperatures and t h e  mean zone temperature,  
t h e  i n t eg r a t ed  s u r f a c e  hea t  f l uxe s  become 
and 
K 2
Since  t h e  s u r f a c e  a r e a  of  t h e  s l a n t e d  f a c e  i s  - a and t h e  a l t i t u d e  oE 2 1 

.the  pyramid i s  h = a / J r  t h e  h e a t  t r a n s f e r  boundary cond i t ions  a r e  
and t h e  temperature drop ac ross  t h e  pyramid becomes 
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1. SUMMARY AND CONCLUSIONS 

Using a  thermal model r ep resen t ing  t h e  r e t r o - r e f l e c t o r ,  the  s'tructl.rL 
enclos ing  t h e  r e t r o - r e f l e c t o r  and a  s u r f a c e  r a d i a t o r ,  a  number of para-iatrif: 
computer s t u d i e s  were completed t o  ob ta in  t h e  temperature d i s t r i b u t i o n s  as 
a func t ion  of  t ime. The maximum temperature d i f f e rence  (AT) between t h e  
apex of t h e  r e t r o - r e f l e c t o r  and the  cen te r  of  t h e  f r o n t  (exposed) su r face  
was computed f o r  a  range of s o l a r  absorptance-to-emittance r a t i o s  (u/E) f o r  
t h e  s u r f a c e  r a d i a t o r .  Parametr ic  s t u d i e s  were completed t o  examine the  
e f f e c t s  o f  the  fol lowing v a r i a b l e s  on t h e  AT i n  t h e  r e t r o - r e f i e c t o r ;  a )  rad i -
a t o r  a rea ,  b) s u r f a c e  p r o p e r t i e s  o f  t h e  s t r u c t u r e  enc los ing  t h e  r e t r o -  
r e f l e c t o r ,  c )  the  e f f e c t i v e n e s s  of "superv i n s u l a t i o n  between t h e  s t rucLure  
and the  l u n a r  s u r f a c e ,  d) sun-angle l i m i t s  f o r  t o t a l  i n t e r n a l  r e f l e c t i o n ,  
e )  the  absorpt ion  c o e f f i c i e n t  f o r  volumetr ic  h e a t i n g  i n  t h e  r e t r o - r e i l e c t c r ,  
and f )  t h e  o r i e n t a t i o n  of t h e  a r r a y ,  wi th  r e s p e c t  t o  t h e  luna r  su r face .  
The most e f f e c t i v e  s u r f a c e  r a d i a t o r  conf igura t ion  examined t o  da te  
u t i l i z e s  a r a d i a t o r  su r face  wi th  a  low s o l a r  absorptance-to-emittance r a t - io  
(a = .06, E = . 8 5 ) .  With a r a d i a t o r  a r e a  of  approximately 4.7 cm2 (40% o f  
the  s u r f a c e  a rea  of  t h e  r e t r o - r e f l e c t o r )  and an a r r ay  wi th  mul t i l aye r  in su la -  
t i o n  used t o  r a d i a t i v e l y  decouple t h e  c y l i n d r i c a l  s t r u c t u r e  from t h e  l u n a r  sur-- 
face ,  t h e  maximum AT i n  t h e  r e t r o - r e f l e c t o r  (measured from t h e  apex t o  t h e  
c e n t e r  of t h e  top su r face )  was c a l c u l a t e d ' t o  be  1.4"K. The maximum LIT 
occurs  i n  t h e  range of sun angle  of from 20' t o  30" (measured from t h e  
normal t o  the  fkont  s u r f a c e  of t h e  r e t r o - r e f l e c t o r ) .  For t h i s  case ,  a t  
angles  g r e a t e r  than 20°, t h e  s o l a r  energy i s  assumed t o  pass  through the  
r e t r o - r e f l e c t o r  wi thout  i n t e r n a l  r e f l e c t i o n ,  and i s  p a r t i a l l y  absorbed i n  
t h e  cav i ty  formed by t h e  s t r u c t u r e  surrounding t h e  r e t r o - r e f l e c t o r .  Be-
cause of t h e  "greenhouse" e f f e c t  t h a t  occurs ,  a  po r t ion  of t h e  s o l a r  f l u x  
absorbed i n  t h e  cav i ty  must be r e r a d i a t e d  by t h e  r e t r o - r e f l e c t o r  thereby 
inc reas ing  t h e  AT. For a r e t r o - r e f l e c t o r  a l igned  s o  t h a t  t o t a l  i n t e r n a l  
r e f l e c t i o n  occurs f o r  sun angles  between +20 and -45 degrees,  t h e  maximum 
AT during the  per iod  of t o t a l  i n t e r n a l  r e f l e c t i o n  w i t h i n  t h e  r e t r o - r e f l e c t o r  
'is approximately 0.goK.;,. The maximum AT, dur ing  t o t a l  i n t e r n a l  r e f l e c t i o n  
occurs when t h e  sun i s  d i r e c t l y  overhead. 
~ b r i n ~t h e  l u n a r  .night  and a t  s u n r i s e  a i d  s u n s e t ,  the  g;adients i n  , 
t h e  r e t r o - r e f l e c t o r  a r e  l e s s  than  114°K. Over t h e  e n t i r e  luna r  per iod  of  
approximately 29.5 days, t h e , f r a c t i o n  of  t h e  time during which the  tem-
pe ra tu re  d i f f e r e n c e  i n  the  r e t r o - r e f l e c t o r  exceeds l 0 K  i s  17%. The maxi-. 
mum and minimum mean temperatures of  t h e  r e t r o - r e f l e c t o r  a r e  207 and 46CK, 
r e spec t ive ly .  
A t  t h e  sugges t ion  of t h e  ,pr%ncipa l  i n v e s t i g a t o r s ,  a c a l c u l a t i o n  was 
made f o r  t h e  above s u r f a c e  r a d i a t o r  conf igura t ion  cons ider ing  t h e  r e t r o -  
r e f l e c t o r  t o  be p rdpe r ly  o r i e n t e d  i n  a  modified conta in ing  s t r u c t u r e  
( i n s t e a d  of a  c y l i n d r i c a l  conta iner )  such t h a t  t h e  e f f e c t i v e  s o l a r  absorp- 
tance  of  t h e  con ta ine r  was 0;1 and independent of sun angle .  .This modi- 
f i c a t i o n  reduced the.maximum temperature d i f f e r e n c e  i n  t h e  r e t r o - r e f l e c t o r  
by 0.21C; t h e  f r a c t i o n  of t h e  l u n a r  per iod  where t h e  v e r t i c a l  temperature 
d i f f e r e n c e  i n  t h e  r e t r o - r e f l e c t o r  exceeded 1 K  was reduced from 17% to.5%, 
A s  a r e s u l t  of  t h e  c a l c u i a t i o n s  completed w i t h  :he ccmputPr model 
of  t h e  r e t r o - r e f l e c t o r  and s u r f a c e  r a d i a t o r ,  we have found t h a t  tenpera- 
. c u r e  d i f f e rences  i n  t h e  r e t r o - r e f l e c t o r  can be  minimized by: 
. . 
a 	 Using t h e  l a r g e s t  p o s s i b l e  s u r f a c e  r a d i a t o r  w i th  t h e  lowest  
poss ib l e  s o l a r  absorptance-to-emittance r a t i o .  
b) . Thermally de-coupling t h e  r e t r o - r e f l e c t o r  from t h e  suppor t ing  
s t r u c t u r e  by use  of a  low-emittance su r face  ( e . g . ,  po l i shed  
aluminum) .on t h e  i n t e r i o r  of the  s t r u c t u r e  and a  low thermal 
conductance mounting arrangement. . . 
c)  	 Thermally de-coupling t h e  s t r u c t u r e  from t h e  l u n a r  s u r f a c e  by ' 
use of mul t i l aye r  i n s u l a t i o n .  
?. 
I n  add i t i on ,  w e  found t h a t  t h e  AT was r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  01-ifn- 
t a t i o n  of Ehe a r r a y  w i t h  r e spec t  t o  t h e  l una r  s u r f a c e  and t o  sma l l  var ia -  
t i on s  i n  t h e  e f f e c t z v e  pa th  l eng th  o r  u n c e r t a i n t i e s  i n  t h e  t o t a l  s o l a r  
absorptance  of-  the  r e t r o - r e f l e c t o r .  
The AT'S i n  t h e  r e t r o - r e f l e c t o r  versus  sun angle  were  computed f o r  
both quasi-s teady and t r a n s i e n t  condi t ions .  The resu1,ts showed t h a t  com-
pu t a t i on s  f o r  t h e  AT based on t h e  quasi-steady model gave a c cu r a t e  r e s u l t s  
when t h e  AT was r e l a t i v e l y  l a r g e ,  i . e . ,  dur ing  t h e  luna r  day. A t  low sun 
angles ,  when t h e  A T  i n  the  r e t r o - r e f l e c t o r  was r e l a t i v e l y  smal l ,  t h e r e  
were d i f f e r ence s  i n  t h e  AT'S and the  average temperatures of t h e  r e t r o -  
-
r e f l e c t o r  p r ed i c t ed  f o r  t h e  two models. S ince  the  f r a c t i o n  of t h e  t o t a l  
l una r  per iod  where t h e  two models were no t  i n  agreement was sma l l  and t h e  
. 
AT i n  t h e  r e t r o - r e f l e c t o r  was a l s o  sma l l  dur ing  t h e  corresponding pe r iod ,  
we conclude t h a t  a quasi-s teady model of t h e  r e t r o - r e f l e c t o r  can be ef -  
f e c t i v e l y  u t i l i z e d  i n  parametr ic  s t u d i e s  on t h e  s u r f a c e  r a d i a t o r  configura-t  
t i on .  
A high r e f l e c t ance  coa t ihg  ( e . g . ,  vapor-deposited a lm inun~ )  on the 
back su r faces  of t h e  r e t r o - r e f l e c t o r  dbes not  appear promising from t h e  
s t andpo in t  of reducing temperature d i f f e rences  i n  t h e  r e t r o - r e f l e c t o r .  
With a  coa t ing  having a  s o l a r  absorptance of 0.06, t h e  AT:S i n  t h e  r e t r o -  
r e f l e c t o r  were computed t o  exceed 6°K. 
11. INTRODUCTION 
During a  meeting wi th  t h e  p r i n c i p a l  i n v e s t i g a t o r s  on June 20, 1966, 
i t  was agreed t h a t  an e a r l y  s tudy of t h e  r e t r o - r e f l e c t o r  a r r a y  with a 
s u r f a c e  r a d i a t o r  conf igu ra t ion  would provide u s e f u l  des ign  information.  
Therefore,  a  s i m p l i f i e d  computer thermal model desc r ib ing  t h e  r e t ro -
r e f l e c t o r ,  t h e  s t r u c t u r e  enc los ing  t h e  r e t r o - r e f l e c t o r  and a  s u r f a c e  rad- 
i a t o r  was formulated p r i o r  t o  t h e  completion of a d e t a i l e d ,  multi-zone 
thermal model of t h e  r e t r o - r e f l e c t o r .  
A desc r ip t ion  of t h e  thermal  model of  the  s u r f a c e  r a d i a t o r  config- 
u r a t i o n  and t h e  computed temperature d i f f e rences  i n  t h e  r e t r o - r e f l e c t o r  
f o r  var ious  parametr ic  s t u d i e s  a r e  presented  i n  t h i s  memorandum. 
111. THERMAL NATHEMATICAL MODEL 
A schematic  drawing of t h e  computer thermal model of  t h e  s u r f a c e  
r a d i a t o r  and a  d e f i n i t i o n  of  t h e  v a r i a b l e s  a r e  shown i n  F igure  1. The 
r e t r o - r e f l e c t o r  is a r egu la r  te t rahedron wi th  he f r o n t  s u r f a c e  exposed 
t o  space; t h e  o t h e r  t h r e e  mutually perpendicular  s i d e s  ( e q u i l a t e r a l  tri-
angles)  communicate with t h e  s t r u c t u r e  enc los ing  t h e  r e t r o - r e f l e c t o r  v i a  
r a d i a t i o n .  
The hea t  flow i n  t h e  r e t r o - r e f l e c t o r  and t h e  boundary condi t ions  a r e  
described by f i v e  simultaneous heat-balance equat ions  formulated us ing  t h e  
1
Method of Zones . This formulat ion i s  s u f f i c i e n t  t o  compute t h e  tempera- 
t u r e s  a t  f i v e  l o c a t i o n s  i n  t h e  r e t r o - r e f l e c t o r  and t h e  temperature d i f f e r -  
ence between t h e  apex of  and t h e  c e n t e r  of t h e  f r o n t  (exposed) su r face .  
-
1. 	 R. Merriam, Technical  Memorandum No. 1, "Preliminary Thermal Analysis  
of Ret ro- ref lec tor , "  J u l y  1968. 
I Definition of Variables 
Collimated 
Sunlight 
\ e  	l 
surface Radiator 
aR. e R  4 ~ R 
Structure Multili~yer 
Enclosing the Insulation f 
Retro-Reflector 
I ,Lunar Surface 
24~ = 	area of  surface radiator  (cm ) 
.. 
a = so l a r  absorptance of surface radiator  R 
E -	t o t a l  hemispherical emittance of surface r ad i a to r  
R 
E = 	t o t a l  hemispherical emittance of i n t e rna l  surface o 
the s t ruc ture  enclosing the re t ro- re f lec tor  
-	 IE = ef fec t ive  emittance of t he  multi layer insu la t ion  
(MLI) defined as follows: 

o ~ "  
where (q /A)  i s  the heat f lux through the MLI and T 
is the outer surface temperature of the MLI. ' 
* 
a = 	t o t a l  absorption coef f ic ien t  for  volumetric heat in  
i n  the re t ro-ref lector  
0 = 	sun angle, measured from the normal t o  the  lunar 

surface (deg.) 

AT = 	temperature difference between apex and center 
of the f ront  surface of the re t ro- re f lec tor  ( O K )  
FIGURE 1 .SCHEMATIC RFPRESENTATION OF THE THERMAL MODEL OF 
- .  kc,.. i?!:-,:aToi4 COi'JFI(3URATiOh, ,17 SL.:? 
The model r e p r e s e n t a t i o n  of t h e  s t r u c t u r e  enc los ing  t h e  r e t r o -  
r e f l e c t o r  was based on a  pre l iminary  design drawing of  t h e  "Ref lec tor  
Mount ~ e t a i l , "  Ar thur  D. L i t t l e ,  Inc . ,  Drawing No. D-SK-71868-1 ( Ju ly  18 ,  
1968). ' The r e t r o - r e f l e c t o r  i s  enclosed by a  c y l i n d r i c a l  s t r u c t u r e ,  1 112 
I 
- inches  i n  diameter.and approximately 1inch  i n  depth, w i th  s p e c u l a r l y  r eL  
f i e c t i n g  su r faces  having a  s o l a r  absorptance of 0.1. S ince  t h i s  s t r u c t u r e  
. . 
forms a c a v i t y  f o r  i n c i d e n t  co l l imated  s u n l i g h t  (which is assumed t o  pass  
th;ough t h e  r e t r o - r e f l e c t o r  when i t  i s  not  t o t a l l y  i n t e r n a l l y  r e f l e c t i n g ) ,  
t h e  e f f e c t i v e  s o l a r  absorptance of  t h e  opening of t h e  cav i ty  changes with. 
sun  angle .  
- Figure  2- i l l u s t r a t e s  t h e  e f f e c t i v e  s o l a r  absorptance and t h e  ab- 
sorbed s o l a r  power of  t h e  cav i ty  formed by t h e  s t r u c t u r e  ve r sus  sun angle.  
The sun angle  i n  F igure  2 measured from t h e  normal t o  t h e  cen te r - l i ne  of  
t h e  cav i ty ,  assuming t h a t  t h e  a r r ay  i s  pos i t i oned  a t  t h e  equator .  
I n  t h i s  formulat ion i t  was Assumed t h a t  t h e  aluininum s t r u c t u r e  of  
h igh  thermal conductance was i so the rma l  and t h a t  t h e  r a d i a t o r  was w e l l  
thermally coupled t o  t h e  s t r u c t u r e  Thus, t h e  s t r u c t u r e  end r a d i a t o r  were i 
represented  as  one i so thermal  zone~which  was i n t e r n a l l y  ccupled t o  t h e  
t h r e e  back s u r f a c e s  of t h e  r e t ro - re f l ec to r !by  r a d i a t i o n  and e x t e r n a l l y  
coupled t o  t h e  luna r  s u r f a c e  v i a  m < l t i l a y e r  i n s u l a t i o n .  I n  a d d i t i o n ,  i t  
is s u b j e c t  t o  t h e  time-variant power comprised of t h e  absorpt ion  i n  t h e  
cav i ty  formed by t h e  s t r u c t u r e ,  f o r  sun angles  where s o l a r  energy passes  
through t h e  r e t r o - r e f l e c t o r  wi thout  i n t e r n a l  r e f l e c t o r ,  and t h e  absorp- 
t i o n  of  s o l a r  energy on t h e  s u r f a c e  r a d i a t o r .  
. . 
The s o l a r  absorptance and emi t tance  of  t h e  luna r  s u r f a c e  were taken 
a s  un i ty .  The p e r i o d i c  v a r i a t i o n  of t h e  temperature of t h e  l u n a r  s u r f a c e  
versus  sun angle which was used i n  our  s t u d i e s ,  f o r  a  per iod  of  approxi-
mately 29.5 days, is descr ibed  i n  Table I. 
There were two a reas  which could n o t  be  meaningfully i n v e s t i g a t e d  with 
t h e  thermal model described above: ' 1)  t h e  e f f e c t  of  conductive couplings 
v i a  mounting p o i n t s  between t h e  structu;e aAd t h e  r e t r o - r e f l e c t o r  and 
2) t h e  t r a n s f e r  funct ion  r e l a t i n g  a smal l  a x i a l  temper'ature d i f f e r e n c e  i n  
. t h e  s t r u c t u r e  surrounding the. r e t r o - r e f l e c t o r  t o  t h e  AT i n  ' the  r e t ro -  

r e f l e c t o r .  These cons idera t ions  can, however; be e f f e c t i v e l y  descr ibed  

Effective Solar 
30 60 90 

Sun Angle - (&I 

FIGURE 2 	 EFFECTIVE SOLAR ABSORPTAMCE AND ABSORBED SOLAR 
POWER OF STRUCTURE ENCLOSING THE RETRO-REFLECTOR 
TABLE I 
TEMPERATURE OF TlIE LUNAR
* 
SURFACE VERSUS SUN .&iGLE 
Sun Angle (deg)  T empe r a t u r e  ('10 
0 394 
15  389 
30 375 
37245 ,
60 333 
7 5 289 
90 200 
105 133 
120 117 
135 111 
150 105 
165 103 
180 9 7 
195 97 
2 10 9 4 
225 92 
240 '89 
255 . .89 
270 89 
285 200 
300 306 . 
315 356 
330 375 
345 394 
-
h 
I.l:bl 1)c.s is11 [ : r i le  r i a  and i : . n v i . r o ~ r n ~ ~ ~ n l s .- - 1 , 1 I l " r ~ c . .I 
us ing  a  more d e t a i l e d ,  subdsvided t h ~ r m a l  model of t h e  r e t r o - r e f l e c t o r .  
Ca lcu la t ions  of t h e i r  e f f e c t s  on t h e  AT i n  t h e  r e t r o - r e f l e c t o r  a r e  de- . 
s c r i b ed  i n  Sec t ion  V of t h i s  memorandum. 
I V .  VERTICAL TEPPEPATURE_ILIFFERENCES I N  RETRO-REFLECTOR 
.The temperatures  a t  f i v e  l o c a t i on s  i n  t h e  r e t r o - r e f l e c t o r ,  t h eI
temperature of t h e  s t r u c t u r e  and r a d i a t o r ,  and t h e  temperature d i f f e r ence  
between t h e  apex of t h e  r e t r o - r e f l e c t o r  and t h e  c en t e r  of t h e  f r o n t  (ex-
.posed) s u r f a c e  were computed a s  a  func t ion  of sun angle  measured from t h e  
.normal t o  t h e  l u n a r  su r face .  Parametr ic  computer s t u d i e s  were made t o  
:examine t h e  e f f e c t s  of s o l a r  absorptance-to-emittance r a t i o  of t h e  s u r f a c e  
r a d i a t o r  a r e a ,  s u r f a c e  p rope r t i e s  of .the s t r u c t u r e  enc los ing  t h e  r e t r o -  
- r e f l e c t o r ,  t h e  e f f e c t i v ene s s  of "super" i n s u l a t i o n  between t h e  s t r u c t u r e  
-
and t h e  l una r  s u r f a c e ,  sun ang le  l i m i t s  f o r  t o t a l  i n t e r n a l  r e f l e c t i o n ,  t h e  
" t o t a l  abso rp t ion  c o e f f i c i e n t  f o r  volumetr ic  hea t ing  i n  t h e  r e t r o - r e f l e c t o r  
.and , the o r i e n t a t i o n  of t h e  a r r ay  on t h e  AT i n  t h e  r e t r o - r e f l e c t o r .  Unless -
otherwise  noted,  t h e  a r r a y  i s  pos i t i oned  a t  t h e  equator  and t h e  p lane  of 
t h e  a r r ay  i s  p a r a l l e l  t o  thk l una r  s u r f a c e .  
A. Quasi-steady and Trans ient  Models 
IThe AT i n  t h e  r e t r o - r e f l e c t o r  ve r sus  scn  angle  was computed f o r  
both quasi-steady and t r a n s i e n t  condi t ions .  The r e s u l t s  demonstrated t h a t  
t h e  computations f o r  t h e  AT and t h e  mean temperature of t h e  r e t r o - r e f l e c t o r ,  
. u s i n g  t h e  quasi-s teady model, gave a c cu r a t e  r e s u l t s  dur ing  t h e  po r t i on  of 
t h e  i u n a r  per iod  when t h e  AT was r e l a t i v e l y  l a r ge .  
A s  an example, cons ider  a  r a d i a t o r  conf igu ra t ion  where t h e  s o l a r  
. . 
absorptance and emit tance of t h e  r a d i a t o r  a r e  un i t y ,  t h e  r a d i a t o r  a rea  i s  
210% o f  t h e  s u r f a c e  a r e a  of  t h e  r e t r o - r e f l e c t o r  (1.2 cm ) and the  e f f e c t i v e  
emi t tance  of t h e  i n s u l a t i o n  on t h e  s t r u c t u r e  i s  0.01. The i n t e r n a l  sur -  
f aces  of t h e  . s t r u c t u r e ,  which a r e  r a d i a t i v e l y  coupled t o  t h e  r e t r o - r e f l e c t o r ,  
have an emi t tance  of 0.03. 
-
.. 
I n  ~ i g u r e .  3 t h e  temperature d i f f e r e n c e  between t h e  apex and t h e  
cen te r  of t h e  f r o n t  s u r f a c e  of t h e  r e t r o - r e f l e c t o r  and t h e  mean temperature 
of t h e  r e t r o - r e f l e c t o r  a r e  p l o t t e d  versus  t ime f o r  one-quarter of t h e  
luna r  pe r iod ,  measured from a sun  ang le  of ,zero: The a r r a y  i s  a l igned  s o  
0 	 2.0 4.0 6.0 8.0 
Time (Days1 
.- -
3, 
FIGURE 3. 	 COI~IPARISOMOF QUASI-STEADY AND 
TRAMStEMT TI-IERWAL MODELS 
t h a t  f o r  t h i s  po r t i on  of t h e  t o t a l  l una r  period t o t a l  i n t e r n a l  r e f l e c t i o n  
occurs  f o r  t h e  range of sun angles  between 0 and 20". The maximum AT f o r  
both models a r e  e s s e n t i a l l y  i d e n t i c a l  and occur i n  t h e  range of sun angles  
of 20 t o  30' 
The r e s u l t s  i n  F igure  3 f o r  t h i s . con f i gu r a t i on  show t h a t  t h e  con-
pu ta t ions  of AT based on t h e  quasi-steady model g ive  accura t e  r e s u l t s  when 
t h e  AT-is  r e l a t i v e l y , l a r g e ,  i . e . ,  dur ing  t h e  luna r  day. Near s un se t ,  -when 
t h e  AT and t h e  temperature i n  t h e  r e t r o - r e f l e c t o r  a r e  r e l a t i v e l y  low, t h e r e  
a r e  d i f f e r ence s  i n  t h e  AT'S and t h e  mean temperatures  of t h e  r e t r o - r e f l e c t o r  
p red ic t ed  f o r  t h e  two models. S ince  she  f r a c t i o n  of t h e  t o t a l  l una r  per iod  
where t h e  two models a r e  no t  i n  agreement is sma l l ,  and t h e  AT i n  t h e  ' 
r e t r o - r e f 1 e c t o r . i ~  a l s o  sma l l  dur ing  t h e  corresponding pe r iod ,  a  quasi-
s teady model of  t h e  r e t r o - r e f l e c t o r  can be e f f e c t i v e l y  u t i l i z e d  i n  para- 
me t r i c  s t u d i e s .  i 

R. 	 Ef f e c t  of So la r  ALs-ctptance, Emittance and Area of Surface  
Radia tor  
Ear ly  s t u d i e s  were concerned wi th  determining d e s i r a b l e  s u r f a c e  
p rope r t i e s  f o r  a s u r f a c e  r a d i a t o r  and t h e  r e l a t i on sh i p  between t h e  r a d i a t o r  
a r e a  and t h e  AT'S i n  t h e  r e t r o - r e f l e c t o r .  Two confi.gurations, which repre-
sented  exnre~nes of s u r f a c e  p rope r t i e s  ob ta inab le  s l i th  c x i s t i c g  techilology, 
were analyzed--one wi th  a  high so la r -  absorptance-to-emittance r a t i o  (a = R 

. . 1 .0 ,  E 11 ,  t h e  o t h e r  wi th  .a.-loru s o l a r  absorptance-to-.emittance r a t i cR 
(aR = 0.06, cR = 0.85). A conf igu ra t ion  wi th  a s u r f a c e  r a d i a t o r  having a 
so la r . abso rp tance  of 0.32 and an emi t tance  of 0.76 was a l s o  analyzed. These 
o p t i c a l  p r ope r t i e s  correspond t o  those  yeasured f o r  a  O°C s u r f a c e  with. a  
0 .4  m i l  thsck  Alzak (Alcoa Anodizing Process)  coa t ing  a f t e r  exposure i n  a  
vacuum-ultraviolet  znvironment f o r  700 equiva lent  space  sun hours  (approsi-
mately 1 /10  yea r ) .*  It should be  noted t h a t  t h e  i n i t i a l  values, of s o l a r  
absorpt ion  and emit tance were 0.16 and 0.78 r e spec t ive ly  and t h a t  t h e  s o l a r  
absorptance was s t i l l  inc reas ing  a t  700 ESSH. I n  these  c a l cu l a t i on s  t h e  ef-
f e c t i v e  emit tance of t h e  i n s u l a t i o n  on t h e  s t r u c t u r e  was 0.01, t h e  
<*, . 
"Effec ts  o f  UV Environment"Weaver, J. H . ,  AF&Z-TR-67-421, on Op t i ca l  
P rope r t i e s  of Br ight  Anodized Aluminum" (May 1968). 
emittailce of t h e  i n t e r n a l  s u r f a c e s  of t h e  s t r u c t u r e  was 0.03, and t h e  to-  
t a l  absorpt ion  c o e f f i c i e n t s  f o r  volumetr ic  h ea t i ng  i n  t h e  r e t r o - r e f l e c t o r  
was 0.047 f o r  sun ang les  between +90° and -90". 
The conf igu ra t ions  a r e  omp pared i n  F igure  4 ,  where t h e  maximum 
AT i n  t h e  r e t r o - r e f l e c t o r  is p l o t t e d  versus  r a d i a t o r  a rea .  The r e t r o -  
r e f l e c t o r  was a l igned  so  t h a t  t o t a l  i n t e r n a l  r e f l e c t i o n  occurred f o r  sun 
angles  between 4-20 and -45 degrees.  P l o t s  of AT versus  sun ang le  o r  time 
a r e  shown i n  F igure  5 f o r  t h e  t h r e e  conf igu ra t ions  when t h e  r a d i a t o r  a r e a  
2 
was approximately 10% o f  t h e  s u r f a c e  a r e a  of t h e  r e t r o - r e f l e c t o r  (1.2 cm ). 
The maximum AT'S r e s u l t e d  i n  t h e  range of sun angles  from 20' t o  30'. A t  
t hese  angles  t h e  s o l a r  energy is assumed t o  pass  through t h e  r e t r o - r e f l e c t o r  
-
without  i n t e r n a l  r e f l e c t i o n ,  and is p a r t i a l l y  absorbed i n  t h e  c av i t y  formed 
by t h e  s t r u c t u r e  sur rounding . the  r e t r o - r e f l e c t o r .  Because of  t h e  "green- 
house" e f f e c t  t h a t  occurs ,  a  po r t i on  of t h e  s o l a r  f l u x  absorbed i n  t h e  
cav i ty  must b e  r e r ad i a t ed  by t h e  r e t r o - r e f l e c t o r ,  thereby i n c r e a s i ng  t h e  
AT. 
I n  F igure  6 ,  t h e  maximum AT during t o t a l  i n t e r n a l  r e f l e c t i o n  
I(which occurs  when t h e  sun i s  d i r e c t l y  overhead) i s  p l o t t e d  versus  rad ia-
t o r  a rea .  I n  previous a n a l y t i c a l  s t u d i e s  ,of a r e t r o - r e f l e c t o r  wi th  adia- 
I 
' b a t i c  back su r faces  and t h e  f r o n t  s u r f a c e  exposed t o  normally i n c i den t  
s un l i gh t  and uniform volumetr ic  hea t ing ,  t h e  AT i n  t h e  r e t r o - r e f l e c t o r  
was computed t o  be  approximately 3/4"K.* It i s  i n t e r e s t i n g  t o  no te  t h a t  
f o r  t h e  low a/€ r a d i a t o r  conf igu ra t ion  t h e  maximum AT during t o t a l  i n -  
t e r n a l  r e f l e c t i o n  i s  l e s s  than  1/4 'K h i ghe r  than  t h i s  value.  However, 
f o r  the  h igh  a/€ r a d i a t o r  conf igu ra t ion  t h e  AT'S during t o t a l  i n t e r n a l  
r e f l e c t i o n  exceed t h i s  va lue  by more than 1°K. 
The temperature d i f f e r ence s  i n  t h e  r e t r o - r e f l e c t o r  a r e  l e s s  than 
114°K a t  s u n r i s e  and sunse t  and dur ing  t h e  l u n a r  n ight .  The mean tempera-
t u r e  of t h e  r e t r o - r e f l e c t o r  was i n  t h e  range of a  maximum of 200 t o  235OK 
?. 
during the  l una r  day t o  a  minimum of 46% dur ing  t h e  l una r  n igh t .  
* R. Merriam, Technical  Memorandum No. 1, "P r e l im i n a e  Thermal Analysis  
of a  Retro-Reflector," J u l y  1968. 
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FIGURE 6 MAXIMUM AT DURING TOTAL INTERNAL REFLECTION -
THREE SURFACE RADIATOR CONFIGURATIONS 
From t h i s  s tudy ,  it is ev iden t  t h a t  t h e  low s o l a r  absorptance-  
to-emittance s u r f a c e  r a d i a t o r  conf igu ra t ion  i s  more promising from t he  
thermal s t andpo in t s  of t h e  maximum AT i n  t h e  r e t r o - r e f l e c t o r ,  t h e  s i z e  
of t h e  r a d i a t o r  r equ i red  t o  reduce t h e  AT, and t h e  f r a c t i o n  of  t h e  luna r  
per iod  t h a t  t h e  AT i s  l a r ge .  For example, t h e  fol lowing t abu l a t i on  
compares t h e  t h r e e  s u r f a c e  r a d i a t o r  conf igura t ions  on t h e  b a s i s  o f  t h e  
f r a c t i o n  of t h e  t o t a l  l una r  pe r iod  t h a t  t h e  v e r t i c a l  AT exceeds 1°K 
(which is nea r ly  equal  t o  t h e  AT computed f o r  a  r e t r o - r e f l e c t o r  having 
ad i aba t i c  back su r faces  and exposure t o  normally i n c i den t  s un l i gh t .  
Surface  Radia tor  F r a c t i o a  of  Lunar Pe r iod  
Configurat ion where AT Exceeds 1°K (%) 
However, as  i nd i c a t ed  by t h e  p l o t s  shown i n  F igure  5, i f  t h e  above com- 
par i son  was made on t h e  b a s i s  0 f . a  l o x e r  AT o r  a  s u b s t a n t i a l l y  high AT 
(ZoK), t h e r e  would no t  be  a  s i g n i f i c a n t  d i f f e r ence  between t h e  t h r e e  
conf igura t ions .  
C. Parametr ic  Computer S tudies  
Thus f a r  the  r e s u l t s  presented were f o r  c a l c u l a t i o n s  which i n -  
cluded t h e  fol lowing assumptions: 
The t o t a l  abso rp t ion  c o e f f i c i e n t  f o r  volumetr ic  
h e a t i n g  i n  t h e  r e t r o - r e f l e c t o r  (a*) equaled 0.047 
f o r  sun angles  of -90 t o  +90 degrees. 
- The t o t a l  hemispher ica l  emit tance of  t h e  su r faces  
surrounding t h e  r e t r o - r e f l e c t o r  ( E ~ )was 0.03. 
The e f f e c t i v e  emit tance of  t h e  i n s u l a t i o n  on t h e  
e x t e r n a l  s u r f a c e  of t h e  s t r u c t u r e  (F) was 0.01. 
-	 The p lane  of t h e  a r r ay  was t o  t h e  l u n a r  
s u r f a c e  and l o c a t e d  a t  t h e  equator .  . 
. Using t h e  low s o l a r  absorptance-to-emittance s u r f a c e  r a d i a t o r  
a s  a r e fe rence  (a = 0.06, E ~ 0.85) ,  parametr ic  computer runs  were made R 	 = 
t o  determine t h e  e f f e c t s  o f  a*, E ;and t h e  o r i e n t a t i o n  of  the, a r r ay  onC' 

t h e  AT'S i n  t h e  r e t r o - r e f l e c t o r .  The purpose of t hese  s t u d i e s  was t o  ob- 
t a i n  a  measure of  t h e  in f luence  of u n c e r t a i n t i e s  i n  t h e  thermal p r o p e r t i e s  
used i n  c a l c u l a t i o n s  on t h e  computed AT i n  t h e  r e t r o - r e f l e c t o r  and t o  
determine f e a t u r e s  which were d e s i r a b l e  f o r  t h e  design of  t h e  a r r ay  from 
t h e  t h e m a l  s tandpoin t .  
For t h e  r e fe rence  i n  a d d i t i o n  t o  t h e  assumptions l i s t e d  
above, t h e  r a d i a t o r  a rea-was  4.7 cm2 and t h e  r e t ro - re fTec to r  was t o t a l l y
. -
i n t e r n a l l y  ref lect ingwhen t h e  angle  between t h e  s o l a r  vec to r  and t h e  nor- 
mal t o  t h e  f r o n t  s u r f a c e  was between +20 and -45'. 
I n  each of  t h e  parametr ic  computer runs only one parameter was 
va r i ed  t o  determine i t s  in f luence  on t h e  AT'S i n  t h e  r e t r o - r e f l e c t o r .  A 
d e s c r i p t i o n  of t h e  v a r i a t i o n  i n  each s tudy fol lows:  
a) The e f f e c t c v e  emit tance of  t h e  m u l t i l a y e r  in-  
** 
sulatjron was increased  from 0 .01  t o  un i ty .  
b) 	The emi t tance  of  t h e  su r faces  enc los ing  t h e  r e t r o -  
r e f l e c t o r  was increased  from 0 . 0 3 t o  0.06. 
** 
This r ep resen t s  an extreme case which i s  equiva lent  t o  having an un- 
i n s u l a t e d  s t r u c t u r e  wi th  an emit tance of uni ty  on t h e  e x t e r n a l  su r faces  
of  	t h e  s t r u c r u r e .  .. 17. 	 2lrthur iil.Tittlr.3lnr. 
c)  	 The t o t a l  abso rp t ion  c o e f f i c i e n t  f o r  volu- 
m e t r i c  h e a t i n g  i n  t h e  r e t r o - r e f l e c t o r  was 
a r b i t r a r i l y  inc reased  from 0.047 t o  0.094 
f o r  t h e  t ime when t h e  r e t r o - r e f l e c t o r  i s  
I 
n o t  	t o t a l l y  i n t e m a l l y  r e f l e c t i n g .  
d) 	 The o r i e n t a t i o n  of t h e  a r r a y  wi th  r e spec t  t o  
t h e  l u n a r  s u r f a c e  was changed. I n s t e a d  of  
t h e  p lane  of t h e  a r r ay  be ing  p a r a l l e l  t o  
t h e  l u n a r  s u r f a c e ,  t h e  a r ray-was  i n c l i n e d  
s o  t h a t  t h e r e  was a 45" angle  between t h e  
normal t o  t h e  f r o n t  s u r f a c e  of  t h e  r e t r o -  
.,
r e f l e c t o r  and t h e  normal t o  t h e  l u n a r  sur -  
f ace .  A ske tch  of  t h i s  o r i e n t a t i o n  is shown 
i n  F igure  7 .  
' 2 
The r e s u l t s  of  t h e  four  parametr ic  computer runs a r e  summarized 
i n  Table I1 and a r e  compared t o  t h e  r e fe rence  conf igura t ion .  
S tudies  (a )  and (b) d e a i  wi th  design parameters of t h e  ketrd-
I
r e f l ec i -o r  a r r a y .  I n  case  ( a ) ,  where t h e r e  is no i n s u l a t i o n  between t h e  
s t r u c t u r e  and t h e  l u n a r  s u r f a c e ,  t h e  maxj.mum AT (an i n c r e a s e  of 0.7"1<) 
occurs  when t h e  sun is d i r e c t l y  overhead. The AT decreases monotonically 
wi th  sun ang le  u n t i l  s u n s e t ,  and over  t h e . e n t i r e  per iod  t h e  AT exceeds 
1°K f o r  37% of t h e  time. 
Due t o  t h e  l a r g e  amount of hea t  which can be  t r a n s f e r r e d  t o  t h e  
s t r u c t u r e  v i a  r a d i a t i o n  from t h e  l u n a r  s u r f a c e ,  i t  i s  d e s i r a b l e  from t h e  
thermal s t andpo in t  t o  i n s u l a t e  t h e  s t r u c t u r e  and r a d i a t i v e l y  de-couple 
i t  from t h e  l u n a r  su r face .  For example during t h e  time when t h e r e  was no 
t o t a l  i n t e r n a l  r e f l e c t i o n  i n  t h e  r e t r o - r e f l e c t o r ,  t h e  hea t  f l u x  t r ans -  
f e r r e d  from t h e  l u n a r  s u r f a c e  t o  the  s t r u c t u r e  was 5 t o  10 times g r e a t e r  
than t h e  sum of  h e a t  f l u x  absorbed by t h e  r a d i a t o r  and t h e  h e a t  f l u x  ab- 
sorbed by t h e  cav i ty  due t o  s u n l i g h t  pass ing  through t h e  r e t r o - r e f l e c t o r ,  
When the re  was i n s u l a t i o n  on t h e  s t r u c t u r e ,  t h e  a b i l i t y  t o  d i s s i p a t e  hea t  
was reduced, bu t  t h e  reduct ion  i n  t h e  t o t a l  h e a t  f l u &  absorbed by t h e  
s t r u c t u r e  was s u f f i c i e n t  t o  reduce t h e  amount of  h e a t  r e r a d i a t e d  by t h e  
r e t r o - r e f l e c t o r  and t h e  AT'S i n  t h e  r e t r o - r e f l e c t o r .  
Collimated 
Sunlight 
Lunar Surface 
FIGURE 7 	 ORiENTATlON OF RETRO-REFLECTOR ARRAY 
IN PARAMETRIC STUDY d .  
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TABLE I1 
RESULTS OF PAWLMETRIC STUDIES 
Frac t ion  Mean temperature 
AT dur ing  o f  l una r  of  
t ~ t % ~ i n t e r n a l  pe r iod  where r e t r o - r e f l e c t o r  (OK) 
r e f l e c t i o n  AT exceeds 1°K (OK) (XI - % max min 
. , 
Reference conf igu ra t ion  1.4 0.9 	 17 207 46 
Paramet-ric Var i a t ion  
a)  	 An i n c r e a s e  i n  t h e  e f f e c t i v e  . 
emi t tance  of mul t i l aye r  in-  
s u l a t i o n  from 0.01 t o  un i ty .  . 2.1 2.1 52 
b)  	 An i n c r e a s e  i n  t h e  emi t tance  
of  t h e  s u r f a c e s  enc los ing  
t h e  r e t r o - r e f l e c t o r  from 
0.03 t o  0.06. 1 .8  1 .0  	 46 
C )  	 An i n c r e a s e  i n  t h e  adsorp- 
t i o n  c o e f f i c i e n t  f o r  volu- 
met r ic  h e a t i n g  i n  t h e  r e t r o -  
r e f l e c t o r  from 0.047 t o  
0.094 f o r  t h e  time when t h e  
r e t r c r r e f l e c t o r  i s  n o t  to-
t a l l y  i n t e r n a l l y  r e f l e c t i n g .  2.0 235 46 
d)  	 A change i n  t h e  o r i e n t a t i o n  
of t h e  a r r a y .  The angle . 
between t h e  normal t o  t h e  
f r o n t  s u r f a c e  of  t h e  r e t ro -  
r e f l e c t o r  and t h e  normal t o  
t h e  l u n a r  s u r f a c e  was changed 
from 0  t o  45". 1 .3  61 
The r e s u l t s  f o r  case (b) i n d i c a t e  t h a t  t h e  emit tance of t h e  
i n t e r n a l  s u r f a c e s  of t h e  s t r u c t u r e  i s  an important  parameter and t h a t  
changes i n  emi t tance  can cause n o t i c e a b l e  changes i n  the  AT'S i n  the  
r e f l e c t o r .  Therefore ,  i n  us ing  a  low-solar-absorptance s t r u c t u r e  GO 
enc lose  t h e  r e t r o - r e f l e c t o r ,  i t  i s  d e s i r a b l e  t o  use m a t e r i a l s  w i th  

low-emittance s u r f a c e s .  

I! 
The r e s u l t s  f o r  case  (c )  show t h a t  doubling t h e  t o t a l  absorp- 
t i o n  c o e f f i c i e n t  has  approximately t h e  same e f f e c t  as  doubling t h e  emit- 
t ance  of t h e  i n t e r n a l  s u r f a c e s  .of t h e  s t r u c t u r e .  
A calcul 'a t ion was a l s o  made accoun t ing ' fo r  a  v a r i a t i o n  i n  t h e  
-	 t o t a l  absorpt ion:coef f ic ien t  f o r  volumetr ic  h e a t i n g  i.n t h e  r e t r o - r e f l e c t o r  
w i t h  sun  ang le  .during t h e  t ime of. t o t a l  i n t e r n a l  r e f l e c t i o n .  The change 
-	 i n  t h e  t o t a l  abso rp t ion  c o e f f i c i e n t  wi th  sun angle  was descr ibed  by t h e  
fol lowing equat ion:  ' 
r 	 1 
where h i s  t h e  a l t i t .ude  of t h e  r e t r o - r e f l e c t o r  

n2 i s  t h e  index of r e i r a c t i o n  of  fused s i l i c a  

8 i s  t h e  sun angle  measured f,rom t h e  normal t o  

I 
t h e  f r o n t  s u r f a c e  of t h e  r e t r o - r e f l e c t o r  
. ...- . 
.- . 
and 	 is t h e  v a r i a t i o n  of  t h e  p a t h  

l eng th  ,of an absorbed ray wi th  

. . 
sun angle  
Thus, t h e  abso rp t ion  c o e f f i c i e n t  v a r i e s  from 0.047 a t  8 = 0 to. 
0.050 a t  8 = 45O. 
The e f f e c t  of t h i s  v a r i a t i o n  on , t he  AT i n  t h e  r e t r o - r e f l e c t o r  
was q u i t e  smal l .  The maximum i n c r e a s e  i n  t h e  AT was l e s s  than  0.04"K. 
Ci  
. F i n a l l y ,  i n - c a s e  (d) where t h e  a r r a y  was t i t l e d  and i n f r a r e d  
r a d i a t i o n  from t h e  l u n a r  s u r f a c e  was absorbed on t h e  f r o n t  s u r f a c e  of  t h e  
r e t r o - r e f l e c t o r  and on the  s u r f a c e  r a d i a t o r ,  t h e r e  was a s l i g h t  reduct ion  
(approximately O.l°K) i n  t h e  computed va lue  of  t h e  maximum AT. A calcu-
l a t i o n  was a l s o  mide neg l e c t i ng  t h e  i n f r a r e d  energy t o  t h e  r a d i a t o r ,  and 
i t  was found t h a t  t h e  maximum AT decreased by 0.2'K. This  would i n d i c a t e  
t h a t  t h e  absorpt ion  of r a d i a n t  energy on t h e  f r o n t  s u r f a c e  tends t o  re-
duce t o  back-to-front AT i n  t h e  r e t r o - r e f l e c t o r .  The reduct ions  i n  t h e  
maximum AT, al though r e l a t i v e l y  sma l l ,  a r e  p a r t i a l l y  o f f s e t  by t h e  addi- 
t i o n a l  r a d i a n t  energy absorbed by t h e  r a d i a t o r ,  t r a n s f e r r e d  t o  t h e  r e t ro -  
r e f l e c t o r  v i a  t h e  s t r u c t u r e  and r e r ad i a t ed  by t h e  r e t r o - r e f l e c t o r .  Based 
on t h i s  s tudy ,  t h e  o r i e n t a t i o n  of  t h e  a r r a y  wi th  r e spec t  t o  t h e  l u n a r  
s u r f a c e s  does not  seem p a r t i c u l a r l y  s i g n i f i c a n t .  
D. 	 AT i n  a  Re t ro - re f l ec to r  wi th  a  High-ref lectance,  Me ta l l i zed  
Back Surface  
The AT'S i n  a  r e t r o - r e f l e c t o r  were c a l cu l a t ed  cons ider ing  t h e  
t h r e e ,  mutually perpendicular ,  back su r f a c e s  of  t h e  r e t r o - r e f l e c t o r  t o  
have a  high r e f l e c t ance  coa t ing  ( e .g . ,  vapor-deposited aluminum). The 
s o l a r  absorptance of t h e  coa t ing  rqas taken a s  0.06, and t h e  t o t a l  hemis- 
phe r i c a l  emit tance was assumed t o  be  0.03.. The emit tance of t h e  su r faces  
of t h e  s t r u c t u r e  surrounding t h e  r e t r o - r e f l e c t o r  was 0.03, and t h e e f f e c -  
t i v e  emi t tance  of t h e  mu l t i l a ye r  i n s u l a t i o n  was 0.01. This  conf igura t ion  
d id  no t  inc lude  a  s u r f a c e  r ad i a t o r .  
The uniform volumetr ic  hea t ing  i n  t h e  r e t r o - r e f l e c t o r  was com-
puted cons ider ing  a  t o t a l  c o e f f i c i e n t  of  0.047. The abso rp t ion  c o e f f i c i e n t  
f o r  s o l a r  energy absorbed on the  me ta l l i zed  back su r faces  (a*), re ferenced  
t o  t h e  a rea  of t h e  f r o n t  s u r f a c e  of t h e ' r e t r o - r e f l e c t o r ,  was determined 
from t h e  fol lowing equat ion:  
where $ i s  t h e  s o l a r  absorptance of  t h e  metal coat ing.  
The computation of a* i s  based upon each ray o f  i n c i d en t  s un l i gh t  
making t h r e e  bounces when t h e  sun angles  a r e  between +90° and -90'. The 
power absorbed on t h e  back su r f a c e s  is s i g n i f i c a n t  from a t h e m a l  stand- 
po in t  s i n c e  i ts  magnitude i s  more than  t h r e e  times g r e a t e r  than t h e  power 
f o r  volumetr ic  hea t ing  i n  t h e  r e t r o - r e f l e c t o r ,  and t h e  power is l o ca l i z ed  
on t h e  back su r f a c e s ,  a s  opposed t o  be ing  uniformly d i s t r ibu ted . .  
For t h i s  conf igu ra t ion ,  t h e  maximum AT was computed t o  be 6.6'K . 
and occurred when t h e  sun was d i r e c t l y  overhead. Also, t h e  AT i n  t h e  
r e t r o - r e f l e c t o r  exceeded 2°K f o r  41% of t h e  t o t a l  l una r  per iod .  
From a thermal  s t andpo in t ,  t h e  use of  a  me ta l l i zed  coa t ing  on 
t h e  back su r f a c e s  of  t h e  r e t r o - r e f l e c t o r  does not  appear  promising. I n  
comparison t o  t h e  s u r f a c e  r a d i a t o r  conf igu ra t ions  s t ud i ed ,  t h e  me ta l l i zed  
coa t ing  r e s u l t s  i n  l a r g e r  AT'S dur ing  t o t a l  i n t e r n a l  r e f l e c t i o n  a s  we l l  
as  t h e  time when t h e r e  is no t o t a l  i n t e r n a l  r e f l e c t i o n .  
E. E f f e c t  of  S t r u c t u r e  Configurat ion 
The previous  c a l c u l a t i o n s  f o r  t h e  s u r f a c e  r a d i a t o r  configura-  
t i o n s  were based on a  c y l i n d r i c a l  s t r u c t u r e  o r  cav i ty  enc los ing  t h e  r e t r o -  
r e f l e c t o r .  The s u r f a c e s  of  t h i s  s t r u c t u r e  r e f l e c t e d  s p e c u l a r l y ,  and 
!t h e i r  s o l a r  absorptance  was 0.1: A s  shown previous ly  i n  F igure  2 ,  t h e  
e f f e c t i v e  s o l a r  absorptance of  t h i s  c y l i n d r i c a l  cav i ty  (based on t h e  
a p e r t u r e  a r e a  of  t h e  cav i ty )  was g r e a t e r  than' 0.1 and inc reased  wi th  sun 
angle.  
A t  t h e  sugges t ion  of t h e  p r i n c i p a l  i n v e s t i g a t o r s  dur ing  a  

meet ing,on August 9 ,  t h e  v e r t i c a l  AT'S i n  t h e  r e t r o - r e f l e c t o r  were 

-	 -ca lcula ted  assuming t h a t  t h e  surrounding s t r u c t u r e  was ad jacen t  to .and  
matched t h e  geometry of t h e  back f aces  of t h e  r e t r o - r e f l e c t o r ,  i . e . ,  
e q u a l a t e r a 1  t r i a n g l e s .  It was agreed t h a t  a  reasonable  approximation 
would.be t o  s e t  t h e  e f f e c t i v e  s o l a r  absorptance a t  0 . 1  and independent 
of sun  angle ,  f o r  sun angles  gr,eater than those  where t o t a l  i n t e r n a l  re-
f l e c t i o n  occurs .  
The r e s u l t s  qf t h i s  c a l c u l a t i o n  a r e  shown i n  F igure  8 f o r  a  
I .
s u r f a c e  r a d i a t o r  conf igu ra t ion  wi:h a r a d i a t i n g  a r e a  of 4.7 cm2 (40% of 
t h e  a r e a  of t h e  r e t r o - r e f l e c t o r ) ,  a s o l a r  absorptance of 0.06,  and an 
emi t tance  of 0.85. Also shown i n  F igure  8 f o r  comparison a r e  t h e  com-
puted v e r t i c a l  AT'S i n  t h e  r e t r o - r e f l e c t o r  cons ider ing  t h e  same s u r f a c e  
r a d i a t o r  conf igura t ion  and a c y l i n d r i c a l  s t r u c t u r e  enc los ing  t h e  r e t r o -  
r e f l e c t o r .  The s t r u c t u r e  ,with t h e  cons tant  e f f e c t i v e  s o l a r  absorptance (a = 0.1) reduces t h e  maximum v e r t i c a l  AT i n  t h e  r e t r o - r e f l e c t o r  by ap- 
, 	 proximately 0.2K. It a l s o  reduces t h e  f r a c t i o n  of  t h e  t o t a l  l u n a r  per iod  
where t h e  AT exceeds loIC from 17% t o  5%. 
V. CALCULATIONS WITH MULTI-ZONE THERMAL MODEL 
A s  descr ibed  i n  Sec t ion  111, i n  t h e  computer model of  t h e  r e t r o -  
r e f l e c t o r  and s u r f a c e  r a d i a t o r  conf igura t ion ,  t h e  r e t r o - r e f l e c t o r  was 
represented  as  a  scngle-zone pyramid wi th  temperatures c a l c u l a t e d  a t  f i v e  
l o c a t i o n s .  This  arrangement was used t o  f a c i l i t a t e  pa ramet r i c  des ign  
analyses and o b t a i n  r e s u l t s  f o r  t h e  s u r f a c e  r a d i a t o r  conf igu ra t ion  e a r l y  
i n  t h e  program. Comparisons between r e s u l t s  obtained wi th  t h e  s ing le -  
zone model of t h e  r e t r o - r e f l e c t o r  and a  more d e t a i l e d  subdivided model 
,e 

(developed f o r  t h e  s tudy of t h e  louver  a r r ay )  have i n d i c a t e d  good agree- 
ment; however, .the subdivided mo.del was r equ i red  and used f o r  .two s t u d i e s  
which i n v e s t i g a t e d  t h e  i n f l u e n c e  of  " local"  e f f e c t s  on t h e  AT iri  t h e  
re t ro- ref lecEor .  One s tudy was made t o  examine t h e  e f f e c t  of  conductive 
coupling v i a  t h e  mounting p o i n t s  between t h e  s t r u c t u r e , a n d  t h e  r e t r o -  
r e f l e c t o r  (mounting conductance).  The o t h e r  was made t o  determine t h e  
i n f l u e n c e  of a x i a l  temperature d i f f e rences  i n  t h e  structure on the  AT i n  
t h e  r e f l e c t o r .  A low a/€ s u r f a c e  r a d i a t o r  conf igura t ion  was used f o r  
both s t u d i e s  ( e .g . ,  a  s o l a r  absorptance of 0.06, an emi t tance  of 0.85 and 
2 
a r a d i a t i n g  a r e a  of 2.85 cm , approximately 25% of t h e  s u r f a c e  a r e a  of 
t h e  r e t r o - r e f l e c t o r )  . 
A. E f fec t  of Mounting Conductance 
, Presen t  design concepts cons ider  each r e t r o - r e f l e c t o r  t o  be  

s t r u c t u r a l l y  mounted t o  i ts  con ta in ing  s t r u c t u r e  by two preloaded mount- 

i n g  r i n g s .  For example, a  prel iminary design drawingx. of t h e  "Ref lec tor  

Mount De ta i l "  shows t h e  r e t r o - r e f l e c t o r  s t r u c t u r a l l y  supported by two 

z igzag  s t a i n l e s s  s t e e l  mounting.rings which a r e  i n  continuous contac t  

wi th  t h e  s t r u c t u r e  and r e s t r a i n  t h e  r e t r o - r e f l e c t o r  a t  t h r e e  p e r i p h e r a l  

t abs  nea r  t h e  f r o n t  su r face .  

The s t ruc tu re - to - r e f l ec to r  mounting conductance depends upon 

t h e  geometry and m a t e r i a l  of t h e  mounting r ings  and the  pre load  forces  

. . 
necessary t o  provide suppor t  f o r  shock and v i b r a t i o n .  I n  t h e  f o l l o r ~ i n g  
s tudy t h e  mounting conductance was v a r i e d  pa ramet r i ca l ly  ove r  a  probable 
range of va lues  expected f o r  t h i s  type  of  suppor t  design i n  o r d e r  t o  
determine thermal design gu ide l ines .  
A s  shown previous ly ,  when s o l a r  energy i s  assumed t o  pass  

through t h e  r e t r o - r e f l e c t o r  wi thout  i n ' t e rna l  r e f l e c t i o n  a t  sun angles  

between +20 and -45 degrees ,  t h e  maximum v e r t i c a l  AT'S i n  t h e  r e t r o -  

r e f l e c t o r  occur i n  t h e  range of sun angles  between 20 and 30 degrees.  

I n  Figure -9 t h e  v e r t i c a l  AT ( d i f f e r e n c e  i n  temperature between apex and 

c e n t e r  of top s u r f a c e  and t h e  r a d i a l  AT (d i f f e rence  i n  temperature be- 

tween mounting tab and c e n t e r  of  top su r face )  a r e  p l o t t e d  versus  mourit-

i n g  conductance a t  a  sun ang le  of 30". For t h i s  low a / c  r a d i a t o r  

. * 
Arthur D. L i t t l e ,  I n c . ,  Drawing No. D-SK-71868-1 (Ju ly  18 ,  1968). 
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FIGURE 8 	 COMPARISON OF CYLII\IDRlCAL STRUCTURE 
AND STRUCTURE WITH A CONSTANT 
EFFECTIVE SOLAR ABSORPTANCE 
Structure To Retro-Reflector Thermal Conductance (W/K) 
FIGURE 9 EFFECT OF MOUNTING CONDUCTANCE ON THE 
*AT IN THE RETRO-REFLECTOR 
conf igu ra t ion ,  t h e  maximum'AT w i t h  zero  mounting conductance was approxi-
mately 1.6OK. Also, a t  a sun ang le  of 30°, where t h e  maximum occurred,  
t h e  mean temperature of t h e  r e t r o - r e f l e c t o r  was 216K and t h e  temperature 
of t h e  s t r u c t u r e  Gas 354K. As shown i n  F igure  9 ,  t h e  computed v e r t i c a l  
-4 
AT i n  t h e  r e t r o - r e f l e c t o r  was 1.6K a t  a conduction of  10 N/K, decreased 
a s  t h e  conductance inc reased  and assymptot ica l ly  approaklled a  va lue  of 
1.5K a t  l a r g e  conductances (approximately 0.2 W/K) . On t h e  o t h e r  hand, 
t h e  r a d i a l  AT inc reased  wi th  inc reas ing  mounting conductance, was g r e a t e r  
-3
than t h e  v e r t i c a l  AT f o r  conductances l a r g e r  than 10  W/K, and reached 
. . 
a maximum of approximately 2.2K. 
Also shown i n  F igure  9 i s  t h e  temperature d i f f e r ence  between 
t h e  s t r u c t u r e  and t h e  r e t r o - r e f l e c t o r .  The s t r u c t u r e  i s  warmer than  t h e  
r e t r o - r e f l e c t o r ,  and t h e r e  is always a  n e t  h e a t  flow from t he  s t r u c t u r e  
'to t h e  r e t r o - r e f l e c t o r .  A s  t h e  mounting conductances i n c r e a s e ,  t h e  
s t r u c t u r e - t o - r e f l e c t o r  AT decreases and t h e  n e t  r a d i a t i v e  f l u x  t o  t h e  
r e f l e c t o r ,  which is d i s t r i b u t e d  over  t h e  back su r f a c e ,  a l s o  decreases .  
. . 
However, t h e  conductive h e a t  flow t o  t h e  r e t r o - r e f l e c t o r ,  which i s  lo-
ca l i zad  z e a r  t h e  top  su r f a c e ,  can b e  r a d i a t i v e l y  d i s s i p a t ed  t o  space  and 
becomes a d r i v i ng  f o r c e  f o r  r a d i a l  AT'S ( i . e . ,  r ad i a t i ng  f i n  e f f e c t ) .  A t  
l a r g e  conductances t h e  temperatures  of t h e  r e t r o - r e f l e c t o r  and s t r u c t u r e  
.
were nea r ly  equal  a t  a  va lue  of 254K. 
-3These r e s u l t s  i n d i c a t e  t h a t  a low mounting conductance (<  10 
Id/"K) is de s i r ab l e .  The v e r t i c a l  AT i s  r e l a t i v e l y  i n s e n s i t i v e  t o  changes 
. 
i n  mounting conductance; however, a s  t h e  conductance becomes l a r g e ,  t h e  
mounting t abs  become t h e  warmest regions i n  t h e  r e f l e c t o r  and t h e  d i f -  
fe rence  i n  temperature between t h e  mounting tab and t h e  cen te r  of t h e  top 
su r face  becomes t h e  dominant AT. 
B. E f f e c t  of Axial Temperature Gradients  i n  t h e  S t r u c t u r e  
I n  t h e  parame:tric s t u d i e s  of  t h e  s u r f a c e  r a d i a t o r  conf igura t ions  
i t  was assumed t h a t  t h e  aluminum s t r u c t u r e  of high thermal conductance 
(surrounding t h e  r e t r o - r e f l e c t o r )  was i so thermal .  Calcula t ions  us ing  
de t a i l ed  computer models and a n a l y t i c a l  models have shown t h a t  t h i s  
assumption is v a l i d  and t h a t  v e r t i c a l  temperature g rad ien t s  i n  t h e  s t r u c -  
t u r e  do n o t  s u b s t a n t i a l l y  i n c r e a s e  t h e  v e r t i c a l  4T i n  t h e  r e t r o - r e f l e c t o r .  
For t h e  low U / E  su r face  r a d i a t o r  conf igura t ion  descr ibed  above, 
a c a l c u l a t i o n  was made a t  an o r b i t a l  time when t h e  v e r t i c a l  AT i n  t h e  
r e t r o - r e f l e c t o r  was maximum ( i . e . ,  a t  a  sun angle  of approximately 30").  
A multi-zone computer thermal  model was used t o  compute t h e  v e r t i c a l  AT 
i n  t h e  r e t r o - r e f l e c t o r  a s  a func t ion  of s p e c i f i e d  v e r t i c a l  AT'S i n  t h e  
s t r u c t u r e  (measured from back t o  f r o n t ) .  
An a n a l y t i c a l  c a l c u l a t i o n  was a l s o  made f o r  an analogous, b u t  
more s i m p l i f i e d ,  thermal model. The one-dimensional temperature d i s t r i -  
bu t ion  was c a l c u l a t e d  f o r  t h e  problem of  a s t r a i g h t  f i n  of t r i a n g u l a r  
p r o f i l e .  The f r o n t  su r face  of t h e  f i n  (base of  t r i a n g l e )  was exposed t o  
o u t e r  space ;  t h e  two s i d e s  of  t h e  t r i a n g l e  were r a d i a t i v e l y  coupled t o  
a  surrounding s t r u c t u r e  wi th  a  l i n e a r  temperature g r a d i e n t ;  and i t  was 
assumed t h a t  t h e  width of t h e  f i n  was l a r g e  i n  comparison t o  t h e  a l t i t u d e  
of t h e  t r i a n g l e .  S i n c e . t h e  temperature d i f f e r e n c e s  i n  t h e  r e t r o - r e f l e c t o r  
a r e  sma l l  ( 1  t o  2K), t h e  d i f f e r e n t i a l  equat ion can be  l i n e a r i z e d  by l e t t i n g :  
8(x)  = T(x) - T 
where T(x) . i s  t h e  a x i a l  temperature i n  the  f i n ,  and T i s  t h e  mean tempera-
t u r e ,  
I n  t h i s  problem t h e  mean temperature l e v e l s  of  t h e  surrounding s t r u c t u r e  
and t h e  f i n  were s p e c i f i e d  a t  354K and 210K, r e spec t ive ly .  (These va lues  
were based on t h e  computer s o l u t i o n  of  t h i s  s u r f a c e  r a d i a t o r  conf igu ra t ion  
when t h e  sun ang le  was 30 degrees.)  
The c a l c u l a t e d  e f f e c t s  of t h e  a x i a l  temperature g rad ien t s  i n  
t h e  s t r u c t u r e  obta ined  wi th  t h e  computer and a n a l y t i c a l  models showed 
good agreement. Figure 10 summarizes t h e  r e s u l t s  and shows t h e  computed 
l n c r e a s e  i n  t h e  v e r t i c a l  AT i n  t h e  r e t r o - r e f l e c t o r  due t o  a  v e r t i c a l  AT 
i n  t h e  s t r u c t u r e .  
The s p e c i f i e d  va lues  of t h e  v e r t i c a l  A T ' S  i n  t h e  s t r u c t u r e  

ranged fyom.0 t o  8K and were conserva t ive ly  es t imated  by assuming t h a t  

t h e  maximum t o t a l  hea t  i n p u t  t o  t h e  s t r u c t u r e  was conducted a long t h e  

. 	 s i d e s  of t h e  c y l i n d r i c a l  s t r u c t u r e  and was r a d i a t i v e l y  d i s s i p a t e d  t o  
space v i a  t h e  s u r f a c e  r a d i a t o r .  Thus, t h e  AT was e s t ima ted  according t o  
t h e  fol lowing simple equat ion:  
Vertical AT In Structure ( O K )  
FIGURE 10 	 EFFECT OF VERTICAL TEMPERATURE 
GRADIENTS IN THE STRUCTURE 
wl~ereq i s  t h e  maximum t o t a l  h e a t  i npu t  t o  t h e  s t r u c t u r e  dur ing  t h e  l?~n.?r  T 
pe r iod  (comprised of s o i a r  absorption on t h e  s u r f a c e  r a d i a t o r ,  s o l a r  ab-
so rp t i on  on t h e  i n t e r i o r  of t h e  s t r u c t u r e ,  and I R  power absorbed from 
r a d i a t i o n  in t e rchange  wi th  t h e  l u n a r  s u r f a c e ) ,  and r ,  D,  t ,  and 2 a r e  
t h e  thermal  conduc t iv i ty ,  diameter ,  wal.1 th i ckness ,  and 1.ength of the  
s t r u c t u r e ,  r e spec t ive ly .  The maximum AT i n  the  structure f o r  p r a c t i c a l  
conf igu ra t ions ,  where t h e  s t r u c t u r e  is r a d i a t i v e l y  de-coupled from t he  
l u n a r  s u r f a c e ,  was 1.5K. The AT i n  t h e  s t r u c t u r e  was approximately 8°K 
when t h e  s t r u c t u r e  was w e l l  thermally coupled t o  t h e  l una r  s u r f a c e  ( i . e . ,  
no "super" i n s u l a t i o n  between t h e  s t r u c t u r e  and t h e  l u n a r  s u r f a c e ) .  
For t h e  above range of AT'S i n  t h e  s t r u c t u r e ,  t h e  i n c r e a s e  i n  
t h e  v e r t i c a l  AT i n  t h e  r e t r o - r e f l e c t o r  was l e s s  than 0.05R ( l e s s  than 3% 
of t h e  v e r t i c a l  AT computed when an i so thermal  s t r u c t u r e  was assumed). 
- -- 
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I n  t h i s  r e p o r t  we c a l c u l a t e  t h e  d i s t o r t i o n  i n  t h e  wavefront 
emergent from a  s o l i d  t o t a l l y  i n t e r n a l l y  r e f l e c t i n g  r e t r o r e f l e c t o r  
caused by l i n e a r  and q u a d r a t i c  temperature d i s t r i b u t i o n s  wi th  v e r t i c a l  
g rad ien t s .  From t h e s e  wavefront c a l c u l a t i o n s  we determine t h e  f r a c t i o n a l  
change i n  t h e  c e n t r a l  i r r a d i a n c e  of t h e  Fraunhofer d i f f r a c t i o n  p a t t e r n .  
P o l a r i z a t i o n  e f f e c t s ,  a r e  neglec ted  and l i g h t  i s  assumed t o  be  i n c i d e n t  
normally. 
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  f o r  l i n e a r  and quadrat ic .  tem- 
p e r a t u r e  d i s t r i b u t i o n s  a r e  summarized i n  F igure  4 a t  t h e  end of t h i s  
memorandum;which shows t h e  f r a c t i o n t i l  change i n  c e n t r a l  i r r a d i a n c e  (NIW 0) 
t h a t  r e s u l t s  from temperature d i f f e rences  (6T) ranging from 0 t o  6 °C .  
11. METHOD 
Figure  1 shorjs a  t y p i c a l  r ay  i n c i d e n t  normally on t h e  f r o n t  f a c e  
of t h e  r e t r o r e f l e c t o r  a t  t h e  po in t  A .  The ray is r e f l e c t e d  successi-:el? 
by t h e  t h r e e  i n c l i n e d  p lanes  a t  t h e  p o i n t s  B ,  C ,  D and emerges a t  t h e  
po in t  E. R e l a t i v e  t o  axes x ' y ' z '  a long t h e  edges o f . t h e  r e f l e c t o r ,  a s  
shown, t h e  d i r e c t i o n  cos ines  l ' , m ' ,  n '  of t h e  pa th  segments a r e  a s  
fol lorrs : 
Path Segment . .- 11 - m '  n '  
AB - l/d - 1 / 6  - 1 1 6  
BC 1/47 - l/& - I/,/? 
It w i l l  be  noted t h a t  a t  each r e f l e c t i o n  t h e  d i r e c t i o n  cos ine  

corresponding t o  t h e  a x i s  normal t o  t h e  r e f l e c t i n g  p lane  i s  reversed i n  

,.
s i g n  i n  accord wi th  S n e l l ' s  law of r e f l e c t i o n .  
A more convenient s e t  of axes a r e  those  shoim a s  Ox, Oy, Oz i n  
Fig. 1. R e l a t i v e  t o  t h e  o r i g i n a l  axes (x ' ,  y ' ,  z ' ) ,  Oz has  t h e  d i r ,ec t ion  
c o s i n e  I , I ; 1 . Therefore,  t h e  cos ine  of t h e  ang le  y t h a t  
each ray segment makes wi th  Oz i s  a s  fol lows:  
Segment 
AB - 1 
The coordina tes  ( x ~ Y ~ z ~ ) ,  (x2y2z2),  (X3y3z3), (xlylzl), (x4y4z4) 
of t h e  po in t s  A ,  B ,  C ,  D ,  E can. b e  expressed wi thout  d i f f i c u l t y  i n  terms of 
and t h e  v e r t i c a l  he ight  11 of t h e  r e t r o r e f l e c t o r  wi th  t h e  he lp  of t h exo' y0 
above va lues  of cosy and t h e  diagram of t h e  p r o j e c t i o n s  of t h e  pa th  seg- 
I 
ments on t h e  Zront f ace ,  sho-m .in Fig. 2 .  The p r o j e c t i o n  of segment DC i s  
perpendicular  t o  t h e  edge ab of t h e  f r o n t  f a c e  wh i l e  t h e  p r o j e c t i o n  of 
segment CD i s  perpendicular  t o  t h e  edge ac .  The p r o j e c t i o n s  a r e  b i sec t ed  
a t  t h e  po in t s  p,  q .  The r e s u l t s  of t h e  ~ a l c u l a t i o n s  a r e :  
-
Poin t  Coordinates 

A ( X ~ Y ~ Z ~ )(xo Y O  h ) 
= , 
A s  a check one can c a l c u l a t e  t h e  l eng ths  of t h e  path segments, 
which a r e :  
Segment Length 
The pa th  l eng ths  add up t o  2h a s  they should. 
We a r e  now i n  a p o s i t i o n  t o  c a l c u l a t e  t h e  phase s h i f t  4 calised 
by t h e  temperature g rad ien t  a s  a  func t ion  of t h e  coordina tes  (x0, of 
t h e  en te r ing  r ay  by means of t h e  formula .. 
' $ . = ?  1 6n d s  
pa th  
-
X dT 
pa th  
where X is the.wavelength of t h e  l i g h t ,  6n i s  t h e  change i n  r e f r a c t i v e  index 
a t  any po in t  a long t h e  pa th  of t h e  r a y ,  d s  i s  an element of l e n g t h  of t h e  
pa th ,  dn/dT i s  t h e  temperature c o e f f k i e n t  of r e f r a c t i v e  index,  6T i s  t h e  
temperature increment a t  a  po in t  on t h e  pa th ,  and y, a s  be fo re ,  i s  t h e  
i n c l i n a t i o n  of t h e  pa th  t o  Oz. 
Linear  Temperature D i s t r i b u t i o n  
A l i n e a r  temperature d i s t r i b u t i o n  wi th  v e r t i c a l  g rad ien t  can be  

represented  by t h e  formula 

where T i s  t h e  temperature a t  t h e  v e r t e x  of t h e  r e t r o r e f l e c t o r  and AT is 
0 
. t h e  temperature d i f f e r e n c e  between t h e  v e r t e x  and t h e  f r o n t  f a c e .  Therefore  
and . 

2n dn AT 
@ = - ---
X dT h 
pa th  
On i n t e g r a t i n g  over  each segment of pa th  and s u b s t i t u t i n g  t h e  
., 
appropr i a t e  va lues  of y ,  a s  given above, we o b t a i n :  
2 2 2 2 2 2
-
2 
z -271 dn AT 1['l "0 + '2 - "1+ 

@ = - - - - ' - 
X d T h  2 - 1  - 113 113 
I 
Af t e r - i n s e r t i n g  t h e  va lues  of zo. .  - Z 4 ,  given above ,  we f ind  
where r is a r a d i a l  coordina te  on t h e  f r o n t  f ace .  Therefore, t h e  ' emerg i~g  
wavefront i s  a  paraboloid of r evo lu t ion .  
Quadratic Temperature D i s t r i bu t i on  
For t h e  quadra t i c  t emp e r a t u r e ' d i s t r i b u t i o n1 
we f i nd ,  i n  exac t ly  t h e  same way, t h a t  
On s u b s t i t u t i n g  f o r  zO.. .z4 we g e t  
where (xOyO) must l i e  i n  t h e  shaded a rea  s h ow  i n  Fig.  3  i n  o rde r  t h a t  
a l l  i nc iden t  rays  a r e  r e f l e c t e d  i n  t h e  same sequence from t h e  t h r e e  s i d e  
f a c e s  of t h e  r e t r o r e f l e c t o r .  On r o t a t i n g  t h e  axes c o u n t e r c l o c k ~~ i s e  
through 60°, s o  t h a t  t h e  new x-axis l i e s  symmetrically i n  t h e  shaded a r e a ,  
t h e  expression becomes 
Since t h i s  expression i s  symmetrical wi th  r e spec t  t o  t h e  x-axis ,  
wc s e e  t h a t  t h e  emerging wavefront con s i s t s  of a s ix- fo ld  sca l loped  su r face  
However, t h e  r e l a t i v e  amplitude of  t h e  sca l lop ing  is q u i t e  small .  On 
transforming t o  po la r  coordina tes  r , B  we f ind :  
- .
. . 
*" ITL2 3 5  3@ = - - - - - h  + & r (- cos 8 + cos8 s i n  8) X dT h2 3 , 9  'I 

-< < 3
where - 30' = 8 = 30'. Over t h i s  range of B t h e  f a c t o r  (519) cos 8 + cosn s i nL?  
v a r i e s  by only *2% about a mean va lue  of 0.566. Therefore t o  a  good approx- 
imation we have 
Rela t ive  Cen t ra l  I r r ad i ance  
The r e l a t i v e  c e n t r a l  i r r ad i ance  of t h e  Fraunhofer d i f f r a c t i o n  
p a t t e r n  of t h e  r e t r o r e f l e c t o r  i s  
where N is t h e  i r r a d i a n c e  a t  t h e  c en t e r  of t h e  d i f f r a c t i o n  p a t t e r n ,  W i s  
0 

t h e  i r r a d i a n c e  f o r  an i so thermal  r e f l e c t o r ,  A i s  t h e  a r e a  of t h e  f r o n t  
f a c e  of t h e  r e f l e c t o r ,  and @ i s  t h e  phase a t  a  po in t  on t h e  f r o n t  f ace .  
I n  t h e  case  of t h e  l i n e a r  temperature d i s t r i b u t i o n ,  witil .igiven 
by (l), t h e  i n t e g r a l  i n  (3) can be evaluated i n  c losed  form t o  g i r e :  
where R i s  t h e  r ad ius  of t h e  f r o n t  f a c e  of t h e  r e t r o r e f l e c t o r  and 
For t h e  quadra t i c  temperature d i s t r i b u t i o n  Eq. (3) t akes  t h e  form 
where 
- .The  i n t e g r a l s  i n  t h i s  equat ion  must be  evaluated by numerical in tegra t i 'on .  
111. RESULTS 
Figure.  4 shovs how Iq/W 'depends on AT f o r  both  l i n e a r  and qua- 
0 
d r a t i c  temperature d i s t r i b u t i o n s .  The curves were computed f o r  t h e  follow- 
ing  da ta :  
I 
The graphs show t h a t ,  f o r  a  given AT, t h e r e  i s  not  much d i f f e r ence  
between t h e  e f f e c t s  o f ' l i n e a r  and quadra t i c  temperature d i s t r i b u t i o n s .  W/Wo 
f a l l s  t o  zero  i n  both cases  when AT is about 5.5"C. This zero  va lue  of t h e  
c e n t r a l  i r r ad i ance  corresponds t o  two complete Presnel  zones f i l l i n g  t h e  
]I
ape r t u r e  of t h e  r e t r o r e f l e c t o r .  
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I. SUMNARY AND CONCLUSIONS 

An a n a l y t i c a l  s tudy has been performed t o  i n v e s t i g a t e  t h e  ther-  
mal performance of a r e t r o - r e f l e c t o r  wi th  var ious  louver  conf igu ra t ions .  
'Some parameters considered were t h e  louver  c e l l  height-to-width r a t i o ,f 
l ouve r  s u r f a c e  p r o p e r t i e s ,  ' t he  thermal conductance between t h e  louver  
and c a n n i s t e r  and t h e  conductance ac ross  t h e  mounting t abs .  
The r e t r o - r e f l e c t o r  was modeled by a r e g u l a r  t e t r ahedron  sub- 
d iv ided  i n t o  f i v e  zones. Conduction and h e a t  genera t ion  w i t h i n  t h e  
r e f l e c t o r ,  a s  r ~ e l l  a s  r a d i a n t  energy 'exchange between t h e  r e t ro - re f l r1c to r  
and t h e  louver-cannis te r  surroundings,  were taken i n t o  account.  The 
louvers  were considered conducting and an e f f e c t i v e  conductance beivl-en 
t h e  louver  a r r a y  and t h e  c a n n i s t e r  was determined. A l l  c a l c u l a t i o n s  of 
thermal  performance were base& on a uniform volumetr ic  h e a t i n g  assum:>tion 
s i n c e  a d e t a i l e d  a n a l y s i s  showed t h a t  t h e  a c t u a l  h e a t i n g  d i s t r i b u t i o n  
w i t h i n  t h e  q u a r t z  r e f l e c t o r  i s  nea r ly  uniform. Most of  t h e  calculat . ions 
were performed assuming quasi-steady h e a t  t r a n s f e r .  
The r e s u l t s  showed t h a t  the  r e t r o - r e f l e c t o r  i s  most nea r ly  
Ii so the rma l  wiiere high-en?i t t ,a~ce Louver c e l l s  of l a r g e  length-to-vzidt'i 
r a t i o s  a r e  used. Of t h e  t h r e e  l o u v ~ r  m a t e r i a l s  coqsidered - as-rece'.ved 
aluminum, anodized aluminum (ALZAK) and "black" al-uminum - t h e  p o o r e = t  
performance was obta ined  wi th  t h e  as-received aluminum louvers .  Even
* 
i n  t h i s  case ,  however, t h e  maximum v e r t i c a l  AT was l e s s  than 1°K. T h e  
p red ic t ed  temperature g r a d i e n t s  a s soc ia t ed  wi th  t h e  use  of  b l ack  o r  
ALZAK louve r s  were cons iderably  smal le r .  There appeared t o  be  l i t t l e  
d i f f e r e n c e  i n  t h e  r e s u l t s  p red ic t ed  f o r  t h e s e  l a s t  two louver  ma te r i a l s .  
P red ic t ed  temperature g rad ien t s  were found t o  be  s e n s i t i v e  t o  
t h e  mounting conductance - p a r t i c u l a r l y  wi th  t h e  as-received aluminum. 
With a l a r g e  mounting conductance, l a r g e  d i s t o r t i o n s  of t h e  temperature 
d i s t r i b u t i o n  wi th in  t h e  r e t r o - r e f l e c t o r  c o u l d ' r e s u l t  because of t h e  
*-
Defined a s  t h e  temperature a t  t h e  r e t r o - r e f l e c t o r  apex minus the  tem- 
pe ra tu re  a t  t h e  c e n t e r  of t h e  upper s u r f a c e . ,  
r a d i a l  flow of  h ea t  i n t o  o r  ou t  of t h e  c ann i s t e r .  This  d i s t o r t i o n  could 
be  diminished by decreasing t h e  mounting conductance and us ing  high- 
emi t tance  louv&rs.  
Quasi-steady hea t  t r a n s f e r  ana lyses  f o r  b lack  louvers  ind ica t ed  
s a t i s f a c t o r y  performance f o r  l ouve r  c e l l  height-to-width r a t i o s  as  smaii  
a s  0.625. No s t u d i e s  were performed using sma l l e r  va lues  of t h i s  r a t i o .  
It was found t h a t  t h e  maximum v e r t i c a l  AT was l e s s  than  O.g°K f o r  t h i s  
conf igura t ion .  
A t r a n s i e n t  ana l y s i s  was a l s o  performed f o r  a  b lack  louver  
conf igura t ion .  The thermal response p red ic t ed  was s u b s t a n t i a l l y  the  sane  
a s  t h a t  p red ic t ed  assuming quasi-steady hea t  t r a n s f e r .  
From t he  r e s u l t s  i t  i s  concluded t h a t  t h e  optimum thermal  per- 
formance is obta ined  when h ighly  conducting louvers  of high emit tance 
a r e  used, and when t h e  thermal conductance across  t h e  mounting t abs  i s  
kep t  t o  a  minimum. With these  r e s t r i c t i o n s ,  t h e  use of louvers  a s  
s h o r t  a s  L/W = 0.625 w i l l  i n s u r e  temperature d i f f e rences  ac ross  t h e  qua r t z  
r e f i e s t o r  of l e s s  than 1°K. 
11. THERElliL MODEL 
A. 	 General Descr ip t ion  of Phys ica l  Configurat ion 
A schematic drawing of t h e  computer model of a r e t r o - r e f l e c t o ?  
wi th  a  louver  c e l l  a r r ay  i s  shown i n  Figure 1. The r e t r o - r e f l e c t o r ,  
which i s  connected t o  t h e  c a n n i s t e r  by t h r e e  mounting t a b s ,  js t r e a t e d  
a s  a r egu la r  t e t r ahedron  of  a l t i t u d e  equal  t o  1.06 inches .  
The r e t r o - r e f l e c t o r  is i n  thermal  communicatiou \*it11 the  can-. 
n i s t e r  and louver  a r ray  by r a d i a n t  energy t r a n s f e r  i n  t h e  i n f r a r e d .  I n  
a d d i t i o n ,  h e a t  may be  conducted t o  t h e  r e f l e c t o r  through t h e  mounting 
tabs .  A s o l a r  f l u x ,  rihich is col l imated a t  an ang le  'd from t h e  normal 
t o  t h e  l u n a r  s u r f a c e ,  i s  i n c i d e n t  on t h e  louver  a r r a y  and over  c e r t a i n  
sun angles  i s  d i r e c t l y  i n c i d e n t  on t h e  q u a r t z  r e f l e c t o r .  The c a n n i s t e r  
r ece ives  s o l a r  energy which i s  not  r e t r o - r e f l e c t e d  and absorbs i n f r a r e d  
radiaTion from t h e  l u n a r  s u r f a c e .  
Through t h e  processes  of emission of  r a d i a n t  energy a t  t h e  sur -  
f aces  and i n t e r n a l  hea t ing  due t o  absorpt ion  of s o l a r  energy, a  non- 
'7 re-.uniform temperature d i s t r i b u t i o n  i s  e s t a b l i s h e d  w i t h i n  t h e  quar12 
:lector.  The d e t a i l s  of t h e  -rarjous energy t r a n s f e r  mechaiii3n;s ;~!l ic!  
l e a d  t o  these  temperature g rad ien t s  a r e  discussed i n  the  secti.ons :~~h:ch  
- .  follow. 
B .  	 Model of Rctro-Reflector  
The h e a t  flow wi th in  t h e  i n t e r i o r  and t h e  hea t  f l u x e s  a t  t l e  
su r faces  of t h e  r e t r o - r e f l e c t o r  rrere de t e rmhed  using t h e  Method of  Zcnes 
d iscussed  i n  Ref. [I]. B r i e f l y ,  a func t iona l  form f o r  t h e  temperature 
d i s t r i b u t i o n  w i t h i n  a  volume element o r  "zone" is assumed, and a  mean 
zone temperature and average su r face  temperatures a r e  determined. In--
t eg ra t ed  s u r f a c e  h e a t  f l u x e s  a r e  then found i n  terms of t h e  cons tants  ' 
appearing i n  the expression f o r  t h e  temperature d i s t r i b u t i o n .  A seri .es 
of  simultaneous e q u a t i o n s , r e s u l t s  which can then be  so lved  f o r  t h e  mean 
zone and average s u r f a c e  temperatures .  For a complete d e s c r i p t i o n  of 
1. 	 R. Merriam, Technical  Memorandum #1, "Preliminary Thermal Analysis  
of a Retro-Reflector ,"  J u l y  1968: 
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FIGURE 1 SCHEMATIC REPRESENTATIOFd OF  THERMAL MODEL 
t h e  Method o f  Zones, t h e  r eade r  is d i r e c t e d  t o  Rei. [ 2 ] .  
Most of  t h e  thermal  s t u d i e s  were perforn~ed wi th  t h e  five-zone 
model i 1 , lu s t r a t ed  i n  F igure  2. Use of t h e  five-zone model, r a t h e r  than 
t h e  s ingle-zone model d iscussed  i n  Ref. [I], allowed f o r  a  more d e t a i l e d  
I 
d e s c r i p t i o n  of t h e  conduct io~i  process  w i t h i n  t h e  r e f l e c t o r .  I n  pa r t i cu -  
l a r ,  a  multi-zone model was necessary t o  accura t e ly  account f o r  t h e  loca l  
conductive t r a n s f e r  across  t h e  mounting t a b s .  
A l l  c a l c u l a t i o n s  were performed wi th  t h e  assumption of a uni-
form volumetr ic  h e a t i n g  r a t e  corresponding t o  a t o t a l  absorptance of 
0.047 w i t h i n  t h e  qua r t z .  An e a r l i e r  Yeport [ l ]  i n d i c a t e d  t h a t  f o r  a 
s imple s l a b  t h e  assumption of a  uniform s o l a r  h e a t i n g  could r e s u l t  i n  
a  p red ic t ed  temperature g rad ien t  h igher  than would be  obtained wt th  
t h e  a c t u a l  h e a t i n g  d i s t r i b u t i o n  taken i n t o  account .  However, an a n a l y s i s  
performed f o r  a  t e t r ahedron  showed t h a t  t h e  hea t ing  r a t e  i n  a  r e t ro -
r e f l e c t o r  i s  n e a r l y  uniform. The d i f f e r e n c e  between t h e  uniform and t h e  
a c t u a l  h e a t i n g  r a t e s  d id  n o t  j u s t i f y  f u r t h e r  c a l c u l a t i o n s .  The deta: 1s 
of t h i s  a n a l y s i s  a r e  presented  i n  APPENDIX I. 
C.  	 Louver ConfLguration I 
A top  view of t h e  modeled lbuver  a r ray  conf igura t ion  is sh(--w 
i n  F igure  3. The r e t r o - r e f l e c t o r s  a r e  represented  as  c i r c l e s  i n  t h e  
f i g u r e .  S ince  t h e  panels  form a nea r ly  square  network, t h e  louver  was 
considered t o  c o n s i s t  of an i n f i n i t e  a r r ay  of u n i t  c e l l s .  A t y p i c a l  
u n i t  c e l l  is i l l u s t r a t e d  i n  Figure 4 .  
. . 
The h e a t  t r a n s f e r  mechmisms w i t h i n  a  u n j t  c e l l  inc lude:  (1) 
conduction w i t h i n  t h e  c e l l  a r r a y ;  (2) r a d i a n t  energy in terchange  b e t m e n  
t h e  va r ious  c e l l  p a n e l s ,  and between the  c e l l  panels  and the  r e t r o -  
r e f l e c t o r ;  and (3) t h e  absorpt ion  and r e f l e c t i o n  of  i n c i d e n t  s o l a r  evergy. 
For t h e  purpose of  a n a l y s i s ,  t h e  t y p i c a l  u n i t  c e l l  i s  shown divided j n t o  
e i g h t  i n d i v i d u a l  panels .  Surface "i"i l l u s t r a t e d  i n  F igure  4 r ep resen t s  
one of  t h e  fou r  elements on t h e  r e t r o - r e f l e c t o r  upper su r face .  
The conduction mode of t r a n s f e r  w i t h i n  t h e  louver  c e l l  was ca l -
cu la t ed  us ing  t h e  Method of  Zones. Temperatures hrere computed f o r  each 
2. 	 P .  F. S t rong and A. G. Enlslie, "The Method of Zones f o r  the  Cn1.culn- 
t i o n  of Temperature D i s t r i b u t i o n , "  AStE 65-NAIHT-47. 
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of t h e  zones 1 through 8 and a t  t h e  edges jo in ing  each of  t h e  zones. I n  
, add i t ion ,  temperatures  were computed a t  t h e  bottom edges of t h e  c e l l  
rrhere t h e  louver  a r r a y  is coupled t o  t h e  cann i s t e r .  The model used t o  
p r e d i c t  t h e  e x t e n t  of  t h i s  coupling i s  developed i n  APPENDIX 11. 
IThe i n f r a r e d  r a d i a t i o n  t r a n s f e r  between elements of  a c e l l  and 
the  r e t r o - r e f l e c t o r  was computed i n  terms 'of t h e  "view areas" ( equ iva len t  
t o  t h e  H o t t e l  s c r i p t  - F f a c t o r )  between t h e  var ious  elements.  For ex-
ample, i f  t h e  view a r e a  between elements i and j i s  denoted by t h e  q u a n t i t y  
Ai zi- ) then  t h e  n e t  r a d i a t i v e  interchange 'between t h e s e  two su r faces  i s  
simply 
For given louve r  c e l l  dimensions n, h and h and s u r f a c e  p r o p e r t i e s  E and
. 1  2 
a t h e  view a reas  were computed us ing  a u t i l i t y  program a v a i l a b l e  a t  ADL.S' 
The s u r f a c e  emi t tance  of t h e  qua r t z  r e f l e c t o r  was taken t o  b e  0.85 i31 
Calcula t ions  of t h e  n e t  s o l a r  energ; absorbed by each element 
were somewhat more complicated. The accounting procedure  included n o t  
I
only t h e  s o l a r  energy absorbed.and r e f l e c t e d  by t h e  louver  panels  bu t  a l s o  
t h a t  po r t ion  of t h e  s o l a r  f l u x  which passed through t h e  r e t r o - r e f l e c t o r  
I 
and was p a r t i a l l y  absorbed by t h e  cann i s t e r .  
The c a n n i s t e r  was t r e a t e d  as  a A c a v i t y  when performing t h e  s o l a r  
power absorpt ion  c a l c u l a t i o n s .  S o l a r  energy could e n t e r  t h e  cav i ty  i n  
twd p o s s i b l e  ways. when t h e  louver  c e l l  length-to-width r a t i o  was l e s s  
than 2 .5  and t h e  sun angle was g r e a t e r  than 20° ,  i nc iden t  s o l a r  energy 
could pass  d i r e c t l y  through the  r e t r o - r e f l e c t o r .  I n  t h i s  case  t h e  cav i ty  
was treat.ed as  ha~r ing  specu la r  w a l l s ,  a s  described i n  Ref. [ 4 ] .  The 
3 .  	 R. A. Breuch, G.  A.  B e l l  and N .  J. Douglas, "Temperature Cont ro l  
Coatings f o r  Cryogenic Temperature Subs t ra ta ," -  A i r  Force Mater ia l s  
Laboratory,  Report,AFML-TR-66-10, P a r t  11, 1967. 
4. 	 . D. Nathanson, ~ e c h n i c a l  Memorandum #2, "Preliminary Thermal Analysis 
of  Surface  Radia tor  Configurat ion,"  August 6 ,  1968. 
e f f e c t i v e  s o l a r  absorptance and absorbed s o l a r  power f o r  var ious  srln ang1.e~ 
i s  i l l u s t r a t e d  i n  Figure 2 of Ref. [ 4 ] .  S o l a r  energy could a l s o  pass  
through t h e  r e f l e c t o r  i n t o  t h e  c a n n i s t e r  a f t e r  r e f l e c t i o n  o f f  a louver  
panel.  I n  t h i s  case ,  t h e  c a n n i s t e r  was t r e a t e d  a s  a cav i ty  wi th  d i f fuse -  
l y  i n c i d e n t  r a d i a n t  energy. For a  cav i ty  having s u r f a c e s  wi th  a  s o l a r  
' absorp tance  of  0 . 1  and having t h e  dimensions of the  c a n n i s t e r ,  t h e  ab- 
sorp tance  is approximately 0.2. [51 
11. , IThe s o l a r  powers absorbed by t h e  louver  panels  and zone I of 

F igure  4 ( r ep resen t ing  t h e  cav i ty  i n  t h e s e  c a l c u l a t i o n s )  were computed 

us ing  a  u t i l i t y  program a v a i l a b l e  a t  ADL. S o l a r  energy ' r e t r o - r e f l e c t e d  

by t h e  qua r t z  r e f l e c t o r  and impinging on a  louver  panel  was taken i n t o  

account.  Net absorbed powers were computed f o r  sun angles  between 0 and 

90 degrees and were used i n  t h e  h e a t  t r a n s f e r  c a l c u l a t i o n s .  

D. 	 Heat T rans fe r  t o  Cannis te r  
The t o t a l  energy i n p u t  t o  t h e  c a n n i s t e r  c o n s i s t s  o f :  s o l a r  

energy, i n f r a r e d  t r a n s f e r  from t h e  r e t r o - r e f l e c t o r ,  i n f r a r e d  t r a n s f e r  

from t h e  l u n a r  s u r f a c e ,  conductive t r a n s f e r  wi th  t h e  louver ,  and t h e '  

conductive t r a n s f e r  w i th  t h e  r e t r o - r e f l e c t o r  ac ross  t h e  mounting t a b s .  

For computational s i m p l i c i t y ,  t h e  c a n n i s t e r  was considered t o  b e  i so -  

thermal.  The correspondence between any temperature g rad ien t s  wi.thin 

t h e  c a n n i s t e r  and temperature g rad ien t s  w i t h i n  t h e  r e t r o - r e f l e c t o r  has  

been shown t o  bc  very weak. 161 

S o l a r  h e a t i n g  of t h e  c a n n i s t e r  has  been t r e a t e d  i n  t h e  pre- 

ceding s e c t i o n .  I n f r a r e d  r a d i a n t  t r a n s f e r  between t h e  c a n n i s t e r  and 

qua r t z  r e f l e c t o r  was computed i n  t h e  same manner a s  t h e  r a d i a n t  t r a n s f e r  

between t h e  louve r  and r e f l e c t o r  - t h a t  i s ,  i n  terms of  t h e  view area:;. 

The emit tance of t h e  i n s i d e  s u r f a c e  of t h e  c a n n i s t e r  was taken t o  b e  

0.03 i n  t h e s e  c a l c u l a t i o n s .  
-
.. 
5. 	 S. H. L in ,  " ~ a d i a n t  In terchange  i n  Cav i t i e s  and Passages wi th  Specu- 

l a r l y  and Di f fuse ly  Ref l ec t ing  Surfaces ,  I' Ph.D. t h e s i s ,  Univers i ty  

of  Minnesota, 1964. 

6 .  	 Ar thur  D. L i t t l e ,  Inc . ,  Ilonthly Progress  Report #3 ,  prepared f o r  

Univers i ty  of t-laryland, August 1968. 
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Radiant energy t r a n s f e r  between t h e  moon and c ann i s t e r  was com-
puted a s  described i n  Ref.  [ 4 ] .  The c ann i s t e r  was considered t o  be  we l l  
i n su l a t ed  by )LI with an e f f e c t i v e  emi t tance  = 0.01. 
The l a r g e s t  unce r t a in ty  concerned t h e  conductive coupling be- 
tween the  c ann i s t e r  and t h e  r e t r o - r e f l e c t o r  v i a  t h e  mounting t ab s .  S ince  
i t  i s  v i r t u a l l y  impossible  t o  be  ab l e  t o  s t a t e  wi th  c e r t a i n t y  t h e  va lue  
of t h i s  conductance p r i o r  t o  a d e t a i l e d  design of t h e  r e t a i n e r ,  a para-
me t r i c  s tudy was performed. A range of conductance va lues  from 0 t o  
0.1 watt/"K was s tud ied .  
111. RESULTS 

-
Parametr ic  computer s t u d i e s  were performed t o  determine t h e  
i n f l u e n c e  on r e t r o - r e f l e c t o r  temperature g rad ien t s  of louver  h e i g h t ,  
l ouve r  emi t tance  and s o l a r  absorptance,  .thermal conductance between t h e  
I 
l ouve r  and c a n n i s t e r  and conductance across  the  mounting t abs .  Because 
of  t h e  l a r g e  .computer t ime requi red  t o  ob ta in  t h e  temperature d i s t r i b u -  
t i o n s  w i t h i n  t h e  r e f l e c t o r  and w i t h i n  a u n i t  louver  c e l l ,  most of  t h e  
r e s u l t s  were ob ta ined . fo r  quasi-steady t r a n s f e r  and over on1.y a sna l l .  
f r a c t i o n  .of t h e  luna r  day. One t r a n s i e n t  s tudy was performed f o r  a 
b lack  louver  conf igu ra t ion  where the. c a l c u l a t i o n s  extended over  s e v e r a l  
l u n a r  days. 
Resu l t s  a r e  presented  f o r  s e v e r a l  important  temperatures  and 
temperature d i f f e r e n c e s .  The term " v e r t i c a l  AT" i s  used t o  desc r ibe  t h e  
temperature. d i f f e r e n c e  ac ross  t h e  r e f l e c t o r  along a l i n e  v e r t i c a l  t o  t h e  
upper f a c e  and pass ing  through. t h e  apex; i . e . ,  t h e  apex temperature minus 
t h e  temperature a t  t h e  c e n t e r  o f  t h e  upper f ace .  The use of t h i s  t e r n  
i s  n o t  in tended t o  imply t h a t  t h e  temperature on t h e  upper f ace  i s  evi'.ry-
I
where t h e  same. Ths term " r + d i a l  AT" s i - g n i f i e s - t h e  temperature d i f f e -ence  
between t h e  c e n t e r  of  t h e  top  face  a?d t h e  mounting tab .  
A.  In f luence  of Louver Radiat ion P r o p e r t i e s  on Thermal Performance 
Values f o r  t h e  v e r t i c a l  AT ac ross  t h e  r e t r o - r e f l e c t o r  vs .  time 
( s o l a r  angle)  a r e  i l l u s t r a t e d  i n  Figure 5 f o r  t h r e e  sets of louver  su r -  
f a c e  p r o p e r t i e s .  The (quasi-steady.) c a l c u l a t i o n s  assume a louver  c e l l  
h e i g h t . ( L )  t o  width (N) ~ a t i oof 2.5, a louver-cannis te r  conductance of  
0.25 wattIoK and zero mounting conductance. Shown f o r  comparison a r e  t h e  
corresponding r e s u l t s  obta ined  f o r  the  so-ca l led  "best" su r face  r a d i a t o r  
conf igura t ion  (with a n  OSR coat ing  and a f o r t y  pe rcen t  r a d i a t i n g  a r e a  
* 
based on t h e  r e t r o - r e f l e c t o r  upper f a c e  a r e a ) .  The p r o p e r t i e s  chosen 
" .. 
a r e  t y p i c a l  of as-received aluminum ( E  = 0.13, a = 0.'25), and ALZAKS 

( E  = 0.78, a = 0.32).  The l i m i t i n g  case of purely I Iblack" louvers  i s 
S 
a l s o  considered (E = us = 1 ) .  
* 
See Technical  Memorandum No. 2. 

From a pure ly  thermal s t andpo in t ,  a l l  t h r e e  louver  configura- 
t i o n s  a r e  s u p e r i o r  t o  t h e  "best"  s u r f a c e  r a d i a t o r .  The presence of  a 
louver  a r r ay  reduces t h e  r e f l e c t o r  view a r e a  t o  space  and provides a 
more uniform thermal  environment f o r  t h e  r e t r o - r e f l e c t o r .  A s  expected,  
t h e  b e s t  performance is obtained with t h e  louvers  wi th  t h e  h ighes t  sur -
f a c e  emit tance.  For t h e s e  louvers  t h e  maximum v e r t i c a l  AT occurs  when 
. 	 t h e  sun i s  d i r e c t l y  overhead and i s  due p r imar i ly  t o  t h e  volumetr ic  
h e a t i n g  w i t h i n  t h e  r e t r o - r e f l e c t o r .  On t h e  o t h e r  hand, t h e  maximum 
v e r t i c a l  AT occurs  nea r  a 15" sun ang le  wi th  t h e  "as-received" aluminum 
louve r  conf igura t ion .  I n  t h i s  case ,  as  wi th  t h e  ALZAK louve r s ,  a l a r g e  
f r a c t i o n  of t h e  i n c i d e n t  s o l a r  energy is r e f l e c t e d  o f f  t h e  louver  panels  
and i s  even tua l ly  absorbed by t h e  cann i s t e r .  The energy absorbed by t h e  
c a n n i s t e r  i s  a  maximum nea r  t h e  15' sun ang le .  Since t h e  as-received 
aluminum s u r f a c e  emi t tance  is sma l l ,  l i t t l e  h e a t  is conducted t o  t h e  
louve r  and r a d i a t e d  t o  t h e  r e t r o - r e f l e c t o r  upper su r face .  Rather ,  t h e  
energy is trapped w i t h i n  t h e  c a n n i s t e r  and i s  r ad ia t ed  t o  t h e  back su r -
* 
f a c e s  of  t h e  r e f l e c t o r .  
The r e s u l t s  i l l u s t r a t e d  i n  Figure 5 show l i t t l e  d i f f e r e n c e  be- 
tween t h e  b lack  and anodized aluminum ( ~ Z A K )  louver  conf igura t ion .  Of 
t h e  two s u r f a c e  p r o p e r t i e s ,  t h e  absorptance and emit tance,  t h e  s u r f a c e  
emi t tancs  has t h e  g r e a t e r  i n f luence  on t h e  thermal performance. When 
t h e  absorptance i s  h igh ,  much of  t h e  i n c i d e n t  s o l a r  r a d i a t i o n  i s  ab-
sorbed on t h e  louver .  When t h e  absorptance  i s  low, much of t h e  inc iden t  
energy i s  r e f l e c t e d  o f f  t h e  louvers ,  absorbed by t h e  c a n n i s t e r ,  and 
conducted t o  t h e  louver  a r r a y .  I n  e i t h e r  case ,  t h e  r e l a t i v e l y  hot  lou-
v e r s  r a d i a t e  energy t o  t h e  r e t r o - r e f l e c t o r  thereby diminishing t h e  so- 
c a l l e d  greenhouse e f f e c t .  It i s  expected t h a t  wi th  s h o r t e r  louvers ,  o r  
low-emittance louve r s ,  t h e  in f luence  of t h e  s o l a r  absorptance on t h e  
v e r t i c a l  AT would be more pronounced. 
B. 	 In f luence  of Louver and Mounting Conductance on Thermal Performance 
?. 
.The dependence 0.f t h e  v e r t i c a l  AT on t h e  louver-cannis te r  
conductance, CL, and t h e  mounting conductance, C i s  i l l u s t r a t e d  i n  R' 
* 
This  process  i s  c a l l e d  the  "greenhouse e f f e c t "  i n  Ref. [ 4 ] .  
Figure 6. Comparisons a r e  made assuming an as-received aluminum louver  

a r r a y  with a c e l l  height-to-width r a t i o  of 2.5. 

The r e s u l t s  show t h a t  t h e  v e r t i c a l  temperature g rad ien t  decreases 
with inc reas ing  conductance between t h e  louver  and c a n n i s t e r  and i n c r e a s e s  
wi th  inc reas ing  mounting conductance. The reason f o r  t h e  in f luence  of  
louver-cannis t e r  conductance, CL, i s  c l e a r .  A s  t h i s  conductance i n c r e a s e s ,  
t h e  thermal environment becomes more uniform. Heat which might o the rwise  
have been r a d i a t e d  from t h e  c a n n i s t e r  t o  t h e  r e t r o - r e f l e c t o r  back s u r f a c e s  
i s  now conducted t o  t h e  louver  a r r a y  where i t  can be  r ad ia t ed  t o  t h e  re-  
f l e c t o r  f r o n t  su r face .  
The behavior  of t h e  v e r t i c a l  AT with'mounting conductance i s  
more complex and w i l l  be explained wi th  r e fe rence  t o  Table 1. L i s t e d  
i n  Table 1 a r e  t h e  r e t r o - r e f l e c t o r  temperatures  a t  t h e  apex, t ab  and 
cen te r  of t h e  top  face.  Shown a l s o  a r e . v a l u e s  f o r  t h e  c a n n i s t e r  tempera- 
t u r e .  
It is seen t h a t  t h e  mounting t a b  temperature always l i e s  between 
It h e  c a n n i s t e r  temperature and the  o t h e r  r e t r o - r e f l e c t o r  temperatures .  That  
i s ,  t h e  t ab  i s  e i t h e r  t h e  coldes; o r  the  warmest l o c a t i o n  on t h e  r e f i e c t o r .  
IThis means t h a t  hea t  e i t h e r  flows ts t h e  t ab  from everywhere w i t h i n  t h e  
r e f l e c t o r ,  o r  flows away from t h e  tab i n  a l l  d i r e c t i o n s  i n t o  t h e  r e t r o -  
r e f l e c t o r .  \&en t h e  c a n n i s t e r  i s  warmer than  t h e  r e f l e c t o r  (Tor sun angles  
somewhat g r e a t e r  than  ze ro ) ,  h e a t  flows i n t o  t h e  r e f l e c t o r .  Since t h e  top 
-	 s u r f a c e  can e a s i l y  r a d i a t e  much of t h i s  a d d i t i o n a l  h e a t  t o  space  and t h e  
bottom su r faces  cannot d i s s i p a t e  t h i s  h e a t  ( t h e  greenhouse e f f e c t ) ,  a n e t  
flow of hea t  i n t o  t h e  r e f l e c t o r  r e s u l t s  i n  an i n c r e a s e  i n  t h e  ( 1v e r t i c a l "  
AT. A t  normal sun inc idence  (On ) ,  t h e  c a n n i s t e r  i s  cooler  than t h e  re-
f l e c t o r  and h e a t  flows from t h e  q u a r t z  r e s u l t i n g  i n  a lower v e r t i c a l  AT. 
I t  is expected t h a t  s i z e a b l e  temperature g rad ien t s  ac ross  the  
r e t r o - r e f l e c t o r  i n  the ' .horizontal  d i r e c t i o n  would r e s u l t  from t h e  con-
duc t ive  h e a t  flow from the  cann i s t e r .  A measure of t h i s  d i s t o r t i o n  of  
t h e  temperature d i s t r i b u t i o n  i s  t h e  " r a d i a l "  AT defined a s  temperature 
d i f f e r e n c e  between t h e  c e n t e r  of t h e  top  f ace ,  T ,' and t h e  t ab ,  TTAB.TOP 
. Sun Angle 
Time (Days) . -
h 

FIGURE 6 INFLUENCE OF CONDUCTANCE ON VERTICAL AT; 
E = 0.13, a, = 0.25, L IW  = 2 5 
SELECTED LOCAL TEMPERATURES NITH 

AS-RECEIVED ALUMINUM LOUVER ARR4Y, 

C = m, C = 0 . 0 3 

L R 

"vertical" AT = T APEX - T~~~ 
"Radial" AT = TTOP - T~~~ 
Values of this .quanti ty  versus  sun ang le  a r e  shown i n  F igure  7 f o r  t h e  
cases  of zero  and 0.03 wa.ttsf0I< mounting conductance. Shown a l s o  i s  
t h e  temperature d i f f e r ence  between t h e  c ann i s t e r  and t h e  r e t r o - r e f l e c t o r  
apex. The louver-cannister  conductance of 0.25 rqattf0K was determined 
a s  descr ibed  i n  Appendix 11. 
When t h e  qua r t z  /isnot conductively coupled t o  t h e  c ann i s t e r  
I 
(C = O), t h e  r a d i a l  AT i s ' l e s s  than 0.5"K f o r  a l l  sun angles .  However,R 
a l a r g e  d i s t o ~ t i o n ,  of t h e  temperature d i s t r i b u t i o n  occurs  wi th  a mount- 
i ng  conductance of 0.03. A s  t h e  temperature d i f f e r ence  between t h e  can-
n i s t e r  and qua r t z  i n c r e a s e s ,  t h e  magnitude of  t h e  r a d i a l  AT a l s o  i n c r e a s e s .  
comparison wi th  F igure  6 r evea l s  t h a t  t h e  r a d i a l  temperature d i f f e r ence  
can be  2-3,times l a r g e r  i n  magnitude than t h e  v e r t i c a l  AT. 
A s  d i scussed  p rev ious ly ,  t h e  choice of  a mounting conductance 
vz lue  i s  somewhat a r b i t r a r y  s i n c e  i t  can on1.y be  determined xihen t h e  re-
t a i n e r  des ign  is complete. Resu l t s  of  a parametr ic  s tudy of t h e  i n f l u -  
ence of mounting conductance a r e  shown i n  Figure 8. Here, va lues  f o r  
t h e  two c h a r a c t e r i s t i c  terdDerature d i f f e r ence s  a r e  p l o t t e d  assuming a 
sun angle  of  15" and t h e  use of as-received aluminum louvers .  The choice 
of a 15" sun ang le  was made because t h e  AT'S a r e  maximum a t  t h i s  p o i n t .  ! 
.The magnitudes of  both  t h e  v e r t i c a l  and r a d i a l  AT ' S  i n c r e a s e  
I 
a s  t h e  mounting conductance inc reases .  The reason f o r  t h i s  behavior  has 
a1Teady been explained.  C lea r ly ,  t h e  r e s u l t s  i n d i c a t e  t h e  d e s i r a b i l i t y .  
. . 
of ob ta in ing  t h e  sma l l e s t  po s s i b l e  mounting conductance i n  p r a c t i c e .  
An equiva lent  s e t  of  r e s u l t s  obta ined  f o r  t h e  ALZAK louver  con-
-
f i g u r a t i o n  is i l l u s t r a t e d - i n  Figure 9 .  The v e r t i c a l  AT i s  t h e  maximum 
'value obtained over  a l l  sun ang les .  Radial  AT'S a r e  given f o r  sun ang les  
of  0' and 5": A zero-degree sun ang le  i s  r e a l l y  a s i n gu l a r  case  s i n c e  
t h e  assumption impl ies  t h a t  t h e  louvers  r ece ive  -no sun l i gh t .  I n  t h i s  
l im i t i n g  case ,  t h e  r a d i a l  AT is a maximum. Since  the  louvers  w i l l  b e '  
expected t o  r ece ive  some s o l a r  energy nea r  l una r  noon, t h e  5" sun ang le  
case i s  f e l t  t o  r ep r e s en t  a more reasonable  l im i t i n g  case.  
Time (Days)
.:\ 
FIGURE 7 INFLUENCE OF CONDUCTANCE ON RADIAL AT; 
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FIGURE 8 TEMPERATURE DIFFERENCESIN REFLECTOR WITH AS-RECEIVED ALUMINUM LOUVER; 
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Comparison of Figures 8 and 9 r evea l s  t h a t  the  thermal problems 
a s soc ia t ed  v i t h  mounting conductance a r e  much l e s s  seve re  wi th  the  ALZAK 
louver  conf igu ra t ion  than wi th  t h e  as-received aluminum s t r u c t u r e .  It i s  
noted t l ia t  t h e  maximum v e r t i c a l  AT 'decreases wi th  inc reas ing  mounting conduc- 
tance.  This  occurs  because t h e  cann i s t e r  i s  always coo le r  than t h e  r e t ro -
r e f l e c t o r  a t  t h e  sun angles  wllere t h e  v e r t i c a l  AT i s  a maximum. 
C. I n f luence  of Louver Height on Thermal Performance 
The r e s u l t s  presented  t o  t h i s  po in t  have a l l  been obta in6d f o r  

a louver  cel'l height-to-width r a t i o  of 2.5. This r a t i o  was chosen s o  

t h a t  s u n l i g h t  impinging d i r e c t l y .  on the  qua r t z  would be  r e t r o - r e f l e c t e d .  

A l a r g e  p e n a 1 t y . i ~  pa id  i n  t h e  d i r e c t  l o s s  of l a s e r  energy due t o  t h i s  

shading, however. We have the re fo re  examined t h e  thermal performance 

a t t endan t  with t h e  use of s h o r t e r  louvers .  For computational s i m p l i c i t y ,  

t h e  louvers  have been considered t o  b e  b lack .  

With s h o r t e r  louvers  t h e  a d d i t i o n a l  h e a t i n g  of  t h e  cannis ' ter by 
s u n l i g h t  not  r e t r o - r e f l e c t e d  must be  taken i n t o  account.  This  has  been 
done i n  t h e  manner descr ibed  i n  Sec t ion  11 - C.  The c a l c u l a t i o n s  have 
' been based on the assumption .of quasi-steady hea t  t r a n s f e r .  
F igare  10 i i l u s t r e t e s  rlte v e r t i c a l  AT'S ac ross  t h e  r e t r o -  

r e f l e c t o r  a s  a funct ion  of sun angle (time) f o r  s e v e r a l  louver  he igh t s .  

Shown f o r  comparison a r e  t h e  r e s u l t s  06ta ined  wi th  t h e  so-ca l led  "best"  

. * 
s u r f a c e  r a d i a t i o n  conf igura t ion .  
Clear ly ,  t h e  thermal performance i s  b e s t  f o r  t h e  louver  con- 
f i g u r a t i o n  wi th  t h e  l a r g e s t  height-to-width r a t i o .  However, even f o r  an 
L/W of 0 .625 ,  t h e  v e r t i c a l  AT'S a r e  always l e s s  than  0.9"K and a r e  sma l l e r  
than could be  obta ined  wi th  even a very good s u r f a c e  r a d i a t o r .  ' From a 
thermal s t andpo in t ,  a  black louver  a s  s h o r t  a s  L/W = 0.625 appears t o  b e  
a  very a t t r a c t i v e  conf igura t ion .  
D. Trans ient  S tud ie s  
Within t h i s  s e c t i o n  w e  w i l l  d i scuss  t h e  in f luence  of  thermal 

mass on t h e  r e t r o - r e f l e c t o r  thermal performance. .It i s  important to '  

* 
See Technical  Memorandum ii2. , 
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FIGURE 90 	 INFLUENCE OF LOUVER HEIGHT 
ON VERTICAL AT 
remember t h a t  both  t h e  qua r t z  and t h e  louver-canncster  have thermal mass 
and bo th  must he  inc luded i n  t h e  t r a n s i e n t  c a l cu l a t i on s .  . 
I n  gene ra l ,  t h e  presence o f ' t h e rma l  mass tends t o  smooth out  
t h e  temperature, response of a system t o  pe r tu rb ing  in f luences .  The ex- 
t e n t  of t h i s  smoothing (o r  ymping)  i s  dependent on the  n a t u r e  of t h e  
pe r tu rb ing  in f luence .  I n  t h e  p resen t  case ,  i t  can be  shown t h a t  t h e  re-  
sponse time of t h e  r e t r o - r e f l e c t o r  is much longer  when t h e  pe r tu rb ing  
f o r&  i s  i n f r a r e d  r ad i an t  t r a n s f e r  than when i t  i s  a s soc i a t ed  wi th  volu- 
me t r i c  hea t ing .  
F igure  11provides a  comparison between t h e  t r a n s i e n t  and quasi-  
s t eady  p r ed i c t i on s  of  r e t r o - r e f l e c t o r  thermal  response. The "zone tem-
pe ra tu res"  a r e  r ep r e s en t a t i v e  of the  r e t r o - r e f l e c t o r  and c ann i s t e r .  Since 
these  two zone temperatures a r e  f o r  t h e  most p a r t  w i t h i n  10DK of each 
o t he r ,  t h e  only zone temperatures  i l l u s t r a t e d  a r e  those corresponding t o  
t h e  r e t r o - r e f l e c t o r .  
The genera l  t rends '  p red ic t ed  by t h e  two analyses a r e  seen t o '  
be  t h e  same. However, a t  l una r  noon (sun angle  of 0") t h e  v e r t i c a l  AT 
p red ic t ed  by t h e  t r a n s i e n t  ana l y s i s  is approximately 0.15"K h ighe r  than 
I
t h a t  p red ic t ed  by the  quasi-steady ana l y s i s .  A s  discussed e a r l i e r ,  t h e  
0" sun angle  case  is r e a l l y  a s i n gu l a r  case s i n c e  t h e  louvers  a r e  assumed 
t o  r ece ive  no s o l a r  energy. Where t h e  hea t  t r a n s f e r  i s  quasi-s teady,  t h e  
c ann i s t e r  temperature drops cons iderably  a t  t h i s  sun angle ,  thereby dimin- 
i s h i ng  t h e  greenhouse e f f e c t .  The presence ,of t h e  louver-cannis te r  and 
r e t r o - r e f l e c t o r  thermal masses prevents  t h i s  r ap id  decrease i n  tempera- 
. . 
t u r e  and main ta ins  t h e  v e r t i c a l  AT a t  a  h ighe r  va lue .  
. . 
The o t h e r  prominent f e a t u r e  i n  F igure  11i s  t he  t r a n s i e n t  
response of  t h e  v e r t i c a l  temperature g rad ien t  between sun angles  of 10 
and 15  degrees.  This  behavior  can b e  expla ined  i n  terms of  t h e  response 
t imes of t h e  r e t r o - r e f l e c t o r  f o r  volumetr ic  h ea t i ng  and i n f r a r e d  r ad i an t  
-
t r a n s f e r .  As  t h e  Sun angle  inc reases  from t he  no-kmal, t h e  power i npu t  
t o  t h e  r e f l e c t o r  drops r ap id ly .  A t  t h e  same t ime,  t h e  c ann i s t e r  tempera- 
t u r e  begins t o  r i s e  slowly a t  f i r s t  and then more r ap id ly  nea r  a 7 112" 
sun angle .  S ince  t h e  response time f o r  volumetr ic  hea t ing  i s  s h o r t e r  than 
Sun Angle 
Time (Days) 
FIGURE 11 	 COMPARISON OF TRANSIENT AND 
QUASI-STEADY RESULTS FOR BLACK LOUVER; 
t h a t  f o r  i n f r a r e d  r ad i an t  hea t ing ,  t h e  temperature g rad ien t  i n  t h e  r e t ro -  
r e f l e c t o r  ,drops r ap i d l y  a t  f i r s t  u n t i l  a 10" sun angle  is  reached. A t  
t h i s  po in t  t h e  h ea t i ng  by t h e  c ann i s t e r  (greenhouse e f f e c t )  becomes domi- 
n an t ,  and t h e  temperature g rad ien t  r i s e s  s l i g h t l y .  It should be  noted 
t h a t  between a 5" and 10" sun angle  t h e  c ann i s t e r  temperature i s  s i g n i f i -
can t ly  h i ghe r  i n  t h e  quasi-steady case  than  i n  t h e  t r a n s i e n t  case.  Be-
cause t h e  greenhouse e f f e c t  is t h e r e fo r e  dominant a t  lower sun ang les ,  
t h e  r ap i d  i n i t i a l  decrease i n  the  v e r t i c a l  AT i s  no t  p r ed i c t ed  by t h e  
quasi-steady ana l y s i s .  
The t r a n s i e n t  response of t h e  r e f l e c t o r  over  an e n t i r e  luna r  
day is shown i n  F igure  12. I n  gene ra l ,  t h e  v e r t i c a l  AT i s  high where 
volumetr ic  h ea t i ng  occurs ,  and low elsewhere. 
The d e t a i l e d  behavior  of t h e  v e r t i c a l  AT i s  q u i t e  comprex b u t  
can, aga in ,  be explained i n  terms of t h e  response time and t h e  va r ious  
pe r tu rb ing  in f luences .  The two prominent f e a t u r e s  t h a t  appear i n  t h i s  
f i g u r e  a r e  t h e  r i s e  i n  v e r t i c a l  AT between a 45" and a 90" sun angle,  
and t h e  nega t ive  peak i n  t h e  AT s ho r t l y  a f t e r  a  270° ' s un  angle  ( l una r  
dawn). 
Shor t ly  a f t e r  a  sun angle  of 30°, t h e  s o l a r  h e a t i ng  o f . t h e  
louvers  begins t o  decrease r ap id ly .  A s  a r e s u l t ,  t h e  louver  temperature 
begins t o  drop r ap id ly  wi th  a r e s u l t a n t  decrease i n  t h e  i n f r a r e d  hea t ing  
of t h e  r e f l e c t o r .  A s  t h e  qua r t z  coo l s ,  t h e  upper s u r f a c e  cools  more 
r ap i d l y  s i n c e  i t  can d i s s i p a t e  i ts  energy more e a s i l y  than can the  back 
su r faces .  Therefore,  as  t h e  qua r t z  rap id ly  l o s e s  i ts  energy, t h e  ver- 
t i c a l  AT inc reases  s l i g h t l y .  A f t e r  the  r ap id  cooling per iod  is over  
(100" sun ang l e ) ,  t h e  temperature g rad ien t s  drops again.  
Shor t ly  a f t e r  l una r  dawn, t h e  louver  temperature begins to  
r i s e  r ap id ly  as  a r e s u l t  of s o l a r  hea t ing .  Since t h e  louver  panels  a r e  
b l ack ,  they r a d i a t e  much of t h i s  energy t o  t h e  r e t r o - r e f l e c t o r .  On t h e  
o t h e r  hand, , the c a i n i s t e r  $s highly pol i shed  on t h e  i n s i d e  and i s  a poor 
em i t t e r  of energy. Nearly a l l  of t h e  energy r ad i a t ed  t o  t h e  qua r t z  re- 
f l e c t o r  i s  a t  t h e  upper s u r f a c e  s o  t h a t  i t s  temperature i s  h ighe r  than 
t h e  back faces  of t h e  r e f l e c t o r .  A f t e r  t h e  qua r t z  (and cann i s t e r )  tem-
pe r a t u r e  reaches 350°K, t h e  greenhouse e f f e c t  begins t o  dominate and the  
temperature gradient  i s  reversed.  
. . . .: 
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FIGURE 42 	 TRANSIENT THERMAL PERFOaMAMCE WITH 
BLACK LOUVER CONFIGURATIOM; 
i tw  = 2.5, cL=m,  cR=o. 
Clear ly ,  t h e  t r a n s i e n t  thermal behavior  o f  a retro-reflector with 
a louver  a r ray  'Ls very complex. This behavior  and t h e  explanat ions  o f fe red  
above shouSd no t  d e t r a c t  from the  most important  r e s u l t  of these  ca lcula-  
!ions. That important  r e s u l t  is t h a t  the  temperature g rad ien t s  wi th in  the  
r e f l e c t o r  remain small  throughout a f u l l  l una r  day. A corol lay  r e s u l t  i s  
t h a t  the  performance may be adequately p red ic t ed  assuming quasi-steady 
hea t  t r a n s f e r .  
APPENDIX I 
Volumetric Heat ing i n  a  Retro-Reflector  
An exac t  c a l cu l a t i on  of t h e  a c t u a l  r a t e  of volumetr ic  hea t ing  
r equ i re s  a d e t a i l e d  ray t r a c i ng  w i t h i n  t h e  r e t r o - r e f l e c t o r  t o  determine 
the  pa th  l eng ths  o f  rays  pass ing  through any given po in t .  .Rather than 
perform t h e s e  c a l cu l a t i on s  a t  every po in t  w i t h i n  t h e  r e f l e c t o r ,  we have 
considered l o c a l  h e a t i ng  a t  o r  nea r  t h e  c en t r o i d s  of t h e  f i v e  zones 
i n t o  which t h e  r e t r o - r e f l e c t o r  i s  divided.  The assumption i s  made t h a t  
t h e  h ea t i ng  r a t e s  a t  these  l o c a t i on s  a r e  c h a r a c t e r i s t i c  .of t h e  respec- 
t i v e  zones. Hence, t h e  pa te  w i t h i n  each zone i s  simply t h e  product  of 
t h e  zone volume and t h e  h ea t i ng  r a t e . a t  t h e  cen t ro id .  
A t  an a r b i t r a r y  po in t  (x ,y ,z )  w i t h i n  t h e  i n t e r i o r  of  an ab- 
so rb ing  medium, t h e  hea t ,gene ra t ion  race  i s  dependent on t h e  energy 
i n c i den t  a t  t h e  l o c a t i on  and t h e  absorpt ion  c o e f f i c i e n t  over  t h e  s p e c t r a l  
range of t h e  r ad i an t  energy. I f  N co l l imated  beams of s o l a r  energy pass  
through a l o c a t i on ,  t h e  l o c a l  hea t ing  r a t e  i s  
where F % . s p e c t r a l  va lue  of i n c i d e n t  s o l a r  f l u x  X 
KX. Z s p e c t r a l  v a l u e  of absorpt ion  c o e f f i c i e n t  
T I .  S t o t a l  pa th  l eng th  of beam i wi th in  medium 
I 
. be fo r e  reaching l o ca t i on  (x ,y ,  z) 
The h e a t  generat2on r a t e  can a l s o  he  w r i t t e n  a s  
where '@*. . (E)  i s  t h e  t o t a l  s o l a r  absorptance def ined  i n  Ref. [ l ]  a s  
and 
From [ I ]  t h e  d e r i v a t i v e  of t h e  a* may be approximated by rrrc 
express ion  
Hence, t h e  problem is reduced t o  determining t h e  pa th  l eng th  ni of  t h e  

rays  pass ing  through each p o i n t .  

For computational s i m p l i c i t y ,  r ays  were t r aced  only f o r  t h e  

case of normal inc idence  ( i . e . ,  f o r  t h e  sun d i r e c t l y  overhead). The 

a c t u a l  eva lua t ions  of  t h e  pa th  l eng ths  of a l l  t h e  beams pass ing  through 

-
. t he  cen t ro ids  were performed i n  t h e  same fa sh ion  a s  descr ibed  i n  Ref. [ 7 ]  
and 	w i l I  n o t  b e  repeated here .  
I n  gene ra l ,  deep w i t h i n  che i n t e r i o r  of  t h e  t e t r ahedron  (see  
Figure.2)  t h e r e  is a t o t a l  of  e i g h t  beams of s o l a r  energy pass ing  through 
each p o i n t .  These c o n s i s t  of  a beam pass ing  d i r e c t l y  through t h e  given -
po in t  be fo re  reaching a r e f l e c t i n g  back s u r f a c e ,  t h r e e  beams pass ing  
through &?,the same po in t  a f t e r  one/ r e f l e c t i o n  o f f  each of t h e  back s u r f a c e s  
of  t h e  r e t r o - r e f l e c t o r ,  and t h e  r e c i p r o c a l  rays .  A r e c i p r o c a l  rzy i s  a 
1 
beam of  energy en te r ing  t h e  r e f l e c t o r  a t '  the  same l o c a t i o n  and i n  t h e  

oppos i t e  d i r e c t i o n  of  beams leaving  t h e  r e f l e c t o r .  

Near t h e  top s u r f a c e  of the  r e f l e c t o r  t h e r e  may be fewer than  
e i g h t  rays  pass ing  through a p o i n t .  I n  p a r t i c u l a r ,  nea r  t h e  corners  of  
the  te t rahedron where r e t r o - r e f l e c t i o n  no longer  ,occurs t h e r e  may be 
a s  few as  one beam pass ing  through a given loca t ion .  On t h e  o t h e r  hand, 
these  beams w i l l  b e  more e n e r g e t i c  than  those  deep wi th in  the. r e f l e c t o r .  
The n e t  r e s u l t  of  t hese  e f f e c t s  i s  t h a t  t h e  zonal  h e a t i n g  
r a t e s  based on t h e  l o c a l  h e a t  gene ra t ibn  of t h e  cen t ro ids  a r e  n e a r l y  t h e  
same a s  those  corresponding t o  a uniform volumetr ic  heating.. The hea t  
generation r a t e s  w i t h i n  each zone can b e  expressed a s  a f r a c t i o n  of t h e  
hea t  genera t ion  r a t e  wkthin t h e  e n t i r e  r e f l e c t o r :  
7. 	 A .  G .  Emslie and P. F: Strong,  Technical  Memorandum 83 ,  "Optical  

D i s to r t ion  Caused by a V e r t i c a l  Temperature Gradient i n  a Retro-

Reflector, '! August 30, 1968. 

A t a b l e  of t h e  q u a n t i t i e s  f obta ined  f o r  t h e  two cases  of  uniform and 
non-uniform volumetr ic  h e a t i n g  i s  presented  below. 
TABLE 2 

F rac t ion  of T o t a l  Heating i n  Each Zone 
f I 

Zone Uniform Non-Uniform 
19 0.3750 0.3634I 11
- 20 0.2500 0.2649 
0.1250 I 0.1239i 0.1250 'I 0.1239 
22 1 I 

23 1 0.1250 i 0.1239 

AF'PENDIX I1 
Thermal Conductance between t h e  Louver and Cannis te r  
From Figure  3 i t  i s  c l e a r  t h a t  no t  a l l  of  -t h e  louver  c e l l s  
w i l l  be  phy s i c a l l y  connected t o  a c ann i s t e r  surrounding t h e  r e t r o -  
r e f l e c t o r .  The thermal  model i s ,  however, based on t h e  assumption t h a t  
each louve r  c e l l  is v i r t u a l l y  i nd i s t i ngu i shab l e  from any o t he r  c e l l  
wi'thin t h e  a r r ay .  This  n e c e s s i t a t e s  t h e  use of some equ iva len t  thermal  
conductance t o  connect our  " typica l"  louver  c e l l  t o  the  c ann i s t e r .  
he model of a t y p i c a l  a r r a y  of  c e l l s  a s soc ia t ed  wi th  any one 
r e t r o - r e f l e c t o r  i s  i l l u s t r a t e d  i n  F igure  11-1. The number of c e l l s  i n  
t h e  a r r a y  i s  based on t h e  s u r f a c e  a r e a  of  t h e  upper f ace  of  t h e  t e t r a -  
hedron model of t h e  r e f l e c t o r ,  and t h e  width of a t y p i c a l  c e l l .  The 
e f f e c t i v e  thermal conductance is taken t o  b e  t h a t  between po in t s  1 and 
2 on Figure  11-1, where t h e  o u t e r  boundary conta in ing  po in t  2 i s  con-
s i d e r ed  i so thermal .  
The va lue  f o r  t h e  conductance can be  determined from t he  so- 
l u t i o n  of t h e  e l e c t r i c a l  analogue problem shown i n  Figure 11-2 where 
The q u a n t i t i e s  W and L a r e  t h e  width  and he igh t  of a louver  c e l l ,  and 6 
is a louver  panel  th ickness .  The numerical  va lues  assigned t o  these  
q u an t i t i e s  a r e  
N = 0.44 inches  
L = 1.10 inches  
6 = 0.010 inches 
k = 1.5.watt/cm-OK 
Based on these  va lues  and t h e  model 'described above, t h e  equiva- 
l e n t  conductance was found t o  b e  0.25 wattIo1<. 
FIGURE 11-1 	 SECTION OF CELL ARRAY ASSOCIATED 
WITH SINGLE RETRO-REFLECTOR 
:. 
FIGURE 11-2 	 ELECTRICAL ANALOGUE PROBLErffl 
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Figure  1 .- Louver Array Panel  Moclc-Up 
(Mainline ALSEP Design) 
This  memorandum summarizes t h e  work completed t o  d a t e  on t h e  
mechanical des ign  of a  Laser  Ranging Retro-Reflector  Array f o r  t h e  
Mainl ine ALSEP Program. This  work cons i s t ed  of 1) providing model 
designs f o r  thermal  ana l y s i s ,  2) eva lua t ing  s k r u c t u r a l  and f ab r i ca -  
It i o n  f e a s i b i l i t y  of various: a r r ay  mechanical des ign  schemes, and 
3) e s t a b l i s h i n g  a  promising mechanical des ign  i n  conjunct ion wi th  
thermal ana l y s i s  r e s u l t s .  
' 1. . Thermal Model Designs 
. The pre l iminary  mechanical des ign  of a louvered r e t r o - r e f l e c t o r  
mount was produced t o  s e r ve  as  a  model f o r  thermal  ana l y s i s .  This  design 
i s  very  s im i l a r  t o  t h e  r e f l e c t o r  mount d e t a i l  evolved i n  t h e  p a s t ,  i . e . ,  
i t  i s  based upon t h e  use of  " c i r cu l a r "  r e f l e c t o r s  he ld  i n  t h i n  w a l l  tubes 
by sp r i ng  mounting r i n g s  which a r e  clamped by a cup r e t a i n e r .  Louvers, 
meshed egg c r a t e  fash ion ,  a r e  secured t o  t h e  f r o n t  end of  t h e  mounting 
tubes.  This  l a t e s t  des ign  uses a r i g h t  c i r c u l a r  r e t a i n e r  cup i n s t e ad  of 
t h e  con ica l  cup used previous ly .  I n  add i t i on ,  t h e  louvers  were made 0.020 
inch  t h i c k  ( t h e  same th i ckness  a s  t h e  mounting tubes)  i n s t e a d  of  t h e  pre- 
vious 0.010 inch .  'These ch,knges were made f o r  convenience of  mathematical 
ana l y s i s  and t e s t  model f ab r i c a t i on .  
I 
A "su r face  r ad i a t o r "  r e f l e c t o r  mount concept was a l s o  evolved 
which cons i s t ed  of a t h i n  w a l l  mounting tube  and r e t a i n e r  . i d e n t i c a l  t o  
t h a t  j u s t  descr ibed  except  t h e r e  a r e  no louvers  i n  f r o n t  of  t h e  r e f l ec -  
t o r  face.  Surface  r a d i a t o r  elements would be ,  probably, mechanically 
clamped' t o  t h e  f r o n t  f a c e  of t h e  a r r ay  i n  t h e  i n t e r s t i c e s  between mount- 
i ng  tubes.  
No prel iminary mechanical design was made f o r  t h e  s u r f a c e  rad ia-  
t o r  concept s i n c e  i t  was no t  r equ i red  f o r  thermal ana l y s i s .  
2. 	 Evaluat ion ,of S t r u c t u r a l  and Fabr i ca t ion  

, F e a s i b i l i t y  of Array Models 

. Because of l i m i t e d  funds t h e  eva lua t ion  of s e v e r a l  d i f f e r e n t  

a r r a y  models f o r  s t r u c t u r a l  and f a b r i c a t i o n  f e a s i b i l i t y  was n o t  poss ib l e .  

Also a t  t h i s  t ime t h e r e ' i s  no d e f i n i t i o n  of a r r a y  panel  conf igura t ion ,  

weight ,  r e f l e c t o r  capaci ty ,  volume, o r  mechanical environment (shoclc and 

' 	v i b r a t i o n  l e v e l s  a t  a r r a y  mounting p o i n t s ) ,  and, t h e r e f o r e ,  t h e  p o s s i b l e  
a r r ay  mechanical des ign  problem s o l u t i o n s  a r e  too  numerous t o  d e a l  w?th 
ind iv idua l ly .  However, t h e s e  p o s s i b l e  des ign  so lu t ions  can be arranged 
i n  a  spec t rum wi th  s u r f a c e  r a d i a t o r  des igns  a t  one end and louvered 
s t r u c t u r e s  a t  t h e  o ther .  I n  e f f e c t ,  t h e  des ign  concepts would be lo- 
ca ted  wi th in  t h e  spectrum according t o  louver  height; '  t h e  su r face  r a d i a t o r  
concept r ep resen t ing  louvers  of zero  he ight .  
From pure ly  a n  a r r a y  pane l  f a b r i c a t i o n  poin t  of view, t h e  louvered 
s t r u c t u r e s  a r e  more complicated than t h e  s u r f a c e  r a d i a t o r  concepts be- 
cause many more p i eces  of meta l  must be  f a b r i c a t e d ,  assembled, and brazed 
toge the r .  ALSO, i h e  louvzred s t r t l c tu re s , . be ing  more complex, a r e  more 
d i f f i c u l t  t o  analyze from a mechanical s t i f f n e s s  p o i n t  of view. For these  
reasons i t  was decided t o  f a b r i c a t e  a  f i l l l y  louvered a r r a y  panel  s t ruc -  
t u r a l  mock-up, s i n c e ,  i f  t h i s  proved f e a s i b l e ,  a l l  o t h e r  a r r a y  concepts 
would be  f e a s i b l e  t o  cons t ruc t  s i n c e  they a r e  simpler '  Mechanical s t i f f -  
nes s  measurements could then be made on t h i s  mock-up which would be  f a r  
more accura t e  than a  paper  a n a l y s i s  r e s u l t  because of t h e  unce r t a in ty  of  
assumptions about  j o i n t  s t i f f n e s s .  
A louver  a r r a y  panel  mock-up was cons t ruc ted  us ing  44 2.33 inch  
long l eng ths  of s tandard  0.020 inch  wa l l ,  1.75 inch  diameter  6061 aluminum 
tubing packed s i d e  by s i d e  (see  F igure  No. 1 ) .  An "egg c ra t e"  s t r u c t u r e  
cons i s t ing  of interwoven 0,.020 inch  t h i c k  6061 aluminum s t r i p s  1.10 inch  
~. 
wide was i n s e t  f l u s h  wi th  t h e  f r o n t  f a c e  of t h e  tube complex. This whole 
s t r u c t u r e  was then d i p  brazed in.  a  j i g  t o  main ta in  f l a t n e s s .  The success fu l  
braz ing  of  t h i s  assembly demonstrated t h e  f e a s i b i l i t y  of  t h i s  cons t ruc t ion  
method. Therefore ,  we have concluded t h a t  i t  i s  f e a s i b l e  and p r a c t i c a l  t o  
cons t ruc t  louvered a r r ay  panels  i n  s i z e s  8 i n .  x 18  i n .  of i n t e r l eaved  t h i n  
wa l l  aluminum tubes and s t r i p s .  
a. Panel  S t i f f n e s s  Evaluat ion 
The panel  mock-up i s  no t  i d e n t i c a l  t o  t h e  f i n a l  a r r ay  i n  t h a t  
i t  does n o t  have cup r e t a i n e r s  t o  s t i f f e n  t h e  back of t h e  mounting 
tubes ,  however, a prel iminary s t i f f n e s s  cia be measured. The s t i f f n e s s  
of t h e  braze6 louver  panel  was eva lua ted  by measuring t h e  sp r ing  con-
s t a n t  of t h e  panel  when loaded along a l a t e r a l  mid plane while  sup- 
por ted  a t  i t s  ends. This  sp r ing  cons tant  was found t o  be 5,000 lb f l in . '  
1Using t h e  formula: 
knowing -,W 1? and E, I can be  evaluafed.  This va lue  of I i s  2.865 x lo-' 
Y4i n  . 
I n ce r e s t i ug l y  enough, t h i s  va lue  f o r  I i s  e q u i v a l e n ~co the  t o t a l  
I f o r  a l l  t h e  long i tud ina l  louver  s t r i p s  i n  t h e  a r r a y  panel. Thi.s means 
t h a t  only t h e  l ong i t ud i na l  louver  s t r i p s  con t r i bu t e  t o  t h e  panel  s t i f f -  
nes s  a s  def ined  he r e  and t h a t  t h e  mounting tubes packed s i d e  by s i d e  do 
n o t  con t r ibu te .  
Using t h i s  va lue  f o r  I and knowing t h e  weight of t h e  g l a s s  
r e t r o - r e f l e c t o r s ,  t h e  f i r s t  l a t e r a l  n a t u r a l  frequency of t h e  panel  can 
2be computed from: 
cyc lesf l  = 122.0 
sec.  
This va lue  is much too  low f o r  ALsEP p a l l e t  mounted hardware 
and should be  increased  by a  f a c t o r  of 2.0 f o r  s a f e t y .  
The a d d i t i o n  of cup r ' e ta iners  on t h e  back of t h e  mounting 
I 
tubes w i l l  i nc rease  t h e  moment of i n e r t i a  of t h e  s e c t i o n  by a f a c t o r  
of 4.0, roughly, and t h e r e f o r e  double t h e  n a t u r a l  frequency. 
In  summary, t h e  louver  a r r a y  des ign  concept presented h e r e i n  
i s  f e a s i b l e  t o  f a b r i c a t e ,  and, when equipped wi th  appropr i a t e  r e t a i n -  
i n g  cups t o  s t i f f e n  t h e  mounting tubes ,  should be  s u f f i c i e n t l y  s t i f f  
t o  s u r v i v e  t h e  ALSEP p a l l e t  mechanical environment. S imi lar  panel  
des ign  concepts using s h o r t e r  l o u v e r s  o r  no louvers  a t  a l l  ( sur face  
r a d i a t o r  designs)  w i l l  be  f e a s i b l e  t o  make us ing  brazed assembly tech- 
n iques  s i n c e  they a r e  of s impler  cons t ruc t ion .  These v a r i a t i o n s  i n  t h e  
panel  des ign ,  however, must i nco rpora t e  t h e  moment of i n e r t i a  p re sen t  
i n  t h e  louvered mock-up i n  o r d e r  t o  withstand t h e  probable mechanical 
environment. 
b. 	 Ret ro- ref lec tor  Mounting Considerat ions 
The r e t r o - r e f l e c t o r  mount ing , r ings  were analyzed wi th  t h e  
I 
fol lowing r e s u l t s ,  which are .based  upon t h e  assumption of a  r e t r o -
r e f l e c t o r  having a c i r c u l a r  c r o s s  s e c t i o n  a t  t h e  mounting plane: 
e 	 The r e t r o - r e f l e c t o r  should be he ld  i n  such a  way 
t h a t  no t e n s i l e  f o r c e s  a r e  induced i n  t h e  r e f l e c t o r .  
Any t e n s i l e  s t r e s s e s  m u l t i p l i e d  by s t r e s s  concen-
t r a t i o n  f a c t o r s  could cause f r a c t u r e  of  t h e  r e t r o -  
r e f l e c t o r  during i t s  10 year  l i f e .  Therefore, 
t h e  r e f l e c t o r  must b e  equipped w i t h  e x t e r n a l ,  o r  
p ro t rud ing ,  mounting t abs .  
o 	 To minimize rocking of . the mounted r e f l e c t o r  dur ing  
l a t e r a l  shock and v i b r a t i o n ,  t h e  mounting t abs  should 
be  loca ted  symmetrically t o  a  p lane  p a r a l l e l  t o  the  
f r o n t  f a c e  o f ' t h e  r e f l e c t o r  which conta ins  t h e  cen te r  
' 	 of g rav i ty .  
o. The pro t ruding  mounting t a b s  of t h e  r e t r o - r e f l e c t o r  
should be  clamped between two opposed , t runcated 
t o r o i d a l  r i n g s  which have a spr ing  cons tant  k along 
t h e i r  r a d i a l  length.. Under these  condi t ions ,  t h e  
s p r i n g  cons tant  of t h e  whole mount assembly w i l l  be: 
K 	 = 21c cos 2 a (2cos2 B + 1 )
t r a n s v e r s e  t o  r e f l e c t o r  .ax is  
2 
= 6 	k s i n  aK p a r a l l e l  t o  t h e  r e f l e c t o r  a x i s  
where: 
a = 	t h e  angle  between t h e  s i d e s  of t h e  t run-  
ca ted  cone and i t s  base. 
f3 = 	one-half t h e  ang le  between t h e  pro t ruding  
mounting tabs--constant a t  60' i n  t h i s  
a n a l y s i s .  ' 
To ob ta in  a uniform s p r i n g  cons tant  i n  t h e  two orthogonal  d i -  
r e c t i o n s ,  a = 35.3'. The n a t u r a l  frequency of t h e  mount assembly can 
b e - a d j u s t e d  by varying k. ~ e n e r a l l y ,  t h e  mount n a t u r a l  frequency should 
be a s  l a r g e  a s  p o s s i b l e  s o  t h a t  t h e  mount does n o t  amplify t h e  shock 
-and v i b r a t i o n  of a r r a y  panel.  
3. 	 Es tab l i sh ing  a Promising Mechanical Array Design 
The resu l - t s  of  pre l iminary  thermal and mechanical ana lyses  of 
r e t r o - r e f l e c t o r  a r r a y  des ign  schemes i n d i c a t e  t h a t  t h e  fol lowing would 
be t h e  Kost promising des ign  concept: t h e  a r r a y  panel  should be  bas ic-  
a l l y  a louvered s t r u c t u r e .  The a c t u a l  louver  he igh t  and h e i g h t /  
s epa ra t ion  r a t i o  a r e  n o t  determinant ,  however, without  f u r t h e r  and more 
comprehensive ana lys i s .  It is q u i t e  l i k e l y  t h a t  louver  he igh t1  
sepa ra t ion  r a t i o  w i l l  be l e s s  than t h e  2.5 f i g u r e  used i n  t h e  fab- 
r i c a t i o n  mock-up. The louver  s t r u c t u r e  should con s i s t  of t h i n  alum- 
inum s t r i p s  interwoven, egg c r a t e  fash ion ,  and incorpora ted  with 
t h i n  wa l l  tubes which house t h e  r e f l e c t o r s .  The r.rhole assembly 
would be d i p  brazed. 
The r e t r o - r e f l e c t o r s  should be clamped between t runcated  
t o r o i d a l  clamping r i n g s  which, i n  t u r n ,  a r e  held i n  t h e  panel  tubes 
by a r e t a i n i n g  cup. The r e f l e c t o r s  should be equipped wi th  pro t ruding  
mounting t ab s  loca ted  on a  c i r c u l a r  c r o s s  s e c t i o n  conta in ing  t h e  
cen te r  of g rav i ty .  The r e t a i n i ng  cups should be  r i g h t  c y l i n d r i c a l  
o r ,  poss ib ly ,  conform t o  the  shape of t h e  back of t h e  r e f l e c t o r ,  bu t  
i n  a l l  ca ses  should be pol i shed  on those  su r faces  fac ing  t h e  r e f l e c t o r .  
The back of t h e  a r r ay  pane l  should be covered wi th  mul t i -  
l a y e r  i n su l a t i on .  
Nomenclature 
y = 	l a t e r a l  d e f l e c t i o n ,  i n .  
IJ = 	l a t e r a l  load,  l b f i  
I
I 
k = span length , . in .  

2
E = modulus of e l a s t i c i t y ,  l b f / i n  
I = moment of i n e r t i a ,  i n4 
P = n a t u r a l  frequency, cycles /sec .
n 2lbf -sec  
= mass p e r  u n i t  length ,  
ul. 	 2i n  
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The purpose of t h i s  work was to  determine the o p t i c a l  performance 
of each r e t r o - r e f l e c t o r  and t h e  a r r ay  a s  a funct ion  of off-normal l a s e r  
beam e n t r y  angle  a f f e c t ed  by two p a r t i c u l a r  f a c t o r s :  
The shape of  t h e  f ace  of each r e t r o - r e f l e c t o r ,  and 
Shadowing r e l a t e d  t o  the  h e i gh t  of tk,e thermal con t ro l  
cav i ty  surrounding each r e t r o - r e f l e c t o r .  
The r e s u l t s  of t h e  ana l y s i s  of each of t hese  f a c t o r s  (shape and sh.,dow- 
i ng )  a r c  presented  i n  Tables 1 and 2 and Figures 4 and 5. They show t h e  
r e l a t i v e  measures of c e n t r a l  i r r a d i a n c e  f o r  i so thermal  r e t r o - r e f l e c t o r s  
i n  which t h e  shape i s  va r i ed  from insc r ibed  c i r c l e  t o  nea r ly  t r i angd l a r  
and t h e  thermal  con t r o l  cavi ty  ( louver)  he igh t  is var ied  from a length-
o-~er-width r a t i o  of 0 t o  0.6. I n  genera l ,  both t h e  r e t r o - r e f l e c t o r  shape 
and cav i ty  shadowing a r e  important  and have comparable magnitude f o r  t h e  
ranges considered.  The i n s c r i b ed  c i r c l e  r e t r o - r e f l e c t o r  appears t o  be t h e  
most favorable  shape. 
A. Ketro-I?eflactor Shape 
The r e t r o - r e f l e c t o r  f a c e  shapes considered were cons t ra ined  by 
mechanical design cons ide ra t ions  t o  a t r i a n gu l a r  shape on which i s  
superimposed a c i r c l e ,  t h e  t ab  base c i r c l e ,  ou t s i d e  of which a l l  s i l i c a  
( the  t r i a n gu l a r  t i p s )  has  been removed. The geometrq. of  t h e  r e t r o -  
r e f l e c t o r  f ace  is shown i n  Figure 1. The shapes considered vary from a 
f u l l y  i n s c r i b ed  t ab  base  c i r c l e  (R /R  = 1.0)  t o  a  nea r ly  t r i angu l a r  2 1 
shape (R2/R1 = 1.6) .  For a  p a r t i c u l a r  shape i n  t h i s  range, a l a s e r  beam 
inc iden t  a t  some zen i th  angle  between 0 and 15  degrees from t h e  normal 
w i l l  experience obscura t ion  of edge r ays  r e s u l t i n g  i n  reduct ion of t h e  
o p t i c a l  r e t u r n  ( c e n t r a l  i r r ad i ance )  of t h e  r e t r o - r e f l e c t o r  and reduct ion 
of t h e  t o t a l  c e n t r a l  i r r ad i ance  of t h e  array: A t y p i c a l  p a t t e r n  of a rea  
of  unobscured rays  emerging from the  r e t r o - r e f l e c t o r  f ace  i s  shown i n  
Figure 2.  
FIGURE I SHAPE OF RETRO-REFLECTOR FRONT FACE 
?. 
FIGURE 2 OPTICALLY UNOBSCURED AREA 
FdO C,AVITY (LOUVER) 
The r e s u l t s  of t h e  shape c a l cu l a t i on ,  i nc lud ing  d e f i n i t i o n s  of 
terms, i s  shown i n  t h e  computer p r i n t ou t  i n  Tables l a ,  l b ,  and l c  and 
Figures 3a,  3b, and-3c.  The term N*OPA2 i s  t h e  product of t h e  number 01 
r e t r o - r e f l e c t o r s  t h a t  can be f i t t e d  i n t o  t h e  a r r ay  on a  r ec t angu la r  g r i d  
(N i s  determined on . t h e  b a s i s  of o t h e r  design weight and bulk con s t r a i n t s )  
I 
times t h e  square  of the  o p t i c a l l y  unobscured a rea  i n  a r b i t r a r y  u n i t s  
( square  inches ) .  This product (N*OPA2) is a  p ropor t iona l  measure of the  
c e n t r a l  i r r a d i a n c e  f o r  the  whole a r r ay  f o r  i so thermal  r e t r o - r e f l e c t o r s  
having no thermal con t r o l  c a v i t i e s  o r  o p t i c a l  obs t ruc t ions  o t h e r  than the 
r e t r o - r e f l e c t o r s  themselves. The val.ue of N*OPA2 i n  Table 1 represen t s  
The r e l a t i v e  performance a t  any chosen off-normal zeni th  angle.  Howitver,. 
bea r ing  i n  mind t h e  r e a l  nonisothermal  use ,  t h e  l a r g e r  r e t r o - r e f l e c t o r  
i s  n o t  n e c e s s a~ ' i l y  t h e  most favorable .  Ths conclusion can be drawn 
from Ta t~ l e  1 t h a t  t h e  most favorable  shape i s  a r a t i o  of 1 .0 ,  i . e . ,  a 
t a b  base  c i r c l e  which is t h e  f u l l y  i n s c r i b ed  c i r c l e .  
B . Cavity (Louver) Shadowing 
The conf igura t ion  of t h e  thermal con t r o l  caviticxs was cons t ra ined  
by o t he r  des ign  cons idera t ions  t o  a  v e r t i c a l  c y l i n d r i c a l  cav i ty  concent r ic  
I 
with  and j u s t  s i i g h t l y  l a r g e r  than t-he t a b  base c i r c l e .  d c c o r d i ~ g l y ,  
t h e  ques t ion  was,what i s  t h e  e f f e c t  of;  cav i ty  he igh t  on t h e  opLical  
r e t u r n  of a  r e t r o - r e f l e c t o r ?  
. 
. _ 
At t h e  time i n  t h e  p r o j e c t  when t h e  shadowing was analyzed, t h e  de- 
c i s i o n  had a l ready been made t o  s pec i f y  a  f u l l y  i n s c r i b ed  c i r c l e  shape 
f o r  the  r e t r o - r e f l e c t o r  f r o n t  face .  Therefore,  i n  computing t h e  shadow- 
i n g  e f f e c t s  of t h e  cav i ty ,  only a  f u l l y  i n s c r i b ed  c i r c l e  ( r a t i o  = 1.0)  
r e t r o - r e f l e c t o r  was considered. The geometry of t h e  r e t r o - r e f l e c t o r  
and thermal  con t r o l  cavi ty  ( louver)  i s  shown i n  Figure 4 .  
When t h e  zeni.th angle  of t h e  inc iden t  l a s e r  beam i s  o t h e r  than 
normal, some edge rays  a r e  o p t i c a l l y  obscured (shadowed) by t h e  cav i ty  
i n  add i t i on  t o  those  'obscured by t h e  r e t r o - r e f l e c t o r  i . t se l f ,  r e s ~ l l - t i n g  
i n  f u r t h e r  reduct ion  of t h e  c e n t r a l  i r r a d i a n c e  from each r e t r o -  
r e f l e c t o r  and from t he  wllole a r r ay .  The pa t t e r n  of o p t i c a l l y  unobscured 
ray a rea  on t h e  f ace  of t h e  r e t r o - r e f l e c t o r  i s - q u i t e  s im i l a r  t o  t h a t  
of  F igure  2. 
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FIGURE 3a RELATl\/E CENTRAL !RRP.DIANCE FROM ARRAY 
VERSUS RETRO-REFLECTOR SHAPE, R2/R1 
(ROTAT = 0.0) 
R 2 / R 1 ,  RATIO 
FIGURE 3b 	 RELATIVE CENTRAL IRRADIANCE FROM ARRAY 
VERSUS RETRO-REFLECTOR SHAPE, R2/R1 
(ROTAT = 90.0) 
h 
R2/R, ,  RATIO 
FIGURE 3c RELATIVE CENTRAL IRRADIANCE FROM ARRAY 
VERSUS RETRO-REFLECTOR SI-IAPE, R2/Rl 
(ROTAT = 270.0) 
CY LlNDRlCAL 
CAVITY (LOUVER) ' 
FIGURE 4 	 GEOMETRY OF RETRO-REFLECTOR 
AND THERMAL CONTROL CAVITY 
The r e s u l t s  of thr: cav i ty  shadowing compuration, i nc lud ing  d c f i n i -  
t i o n s  of terms, a r e  s h o ~ m  i n  Table 2. The cav i ty  he ight  i s  expressed i n  
terms of t h e  r a t i o  (RLOW) of the  length  of t h e  cav i ty  above t h e  r e t r o -  
r e f l e c t o r  f a c e  t o  t h e  i n s i d e  diameter of t h e  c a v i t y .  RLOW ranges from 0  
t o  0.6. The term OFFC2 i s  t h e  square  of t h e  o p t i c a l l y  unobscured area  i11 
u n i t s  normalized t o  t h e  va lue  f o r  a  normally inc iden t  l a s e r  beam. This  
term (OFFC2) i s  p ropor t iona l  t o  t h e  c e n t r a l  i r r a d i a n c e  f o r  an isothermal  
r e t r o - r e f l e c t o r  of  i n s c r i b e d  c i r c l e  shape mounted i n  a  v e r t i c a l  cy l in-  
d r i c a l  thermal c o n t r o l  cav i ty  wi th  a  length-to-diameter r a t i o  RLOW. 
The r e s u l t s  of Table 2  a r e  p l o t t e d  i n  Figure 5. The r e s u l t s  sug- 
g e s t  t h a t  t h e  off-nonnal e f f e c t s  of t h e  r e t r o - r e f l e c t o r  i t s e l f  a r e  
s i g n i f i c a n t  even f o r  a  zero  he igh t  cav i ty .  
111. METHOD 
A. 	 Retro-Ref1 e c t o r  Shape--No C-
The o p t i c a l  performance of  a  r e t r o - r e f l e c t o r  as  ind ica t ed  i n  Table 
1 is  computed by a computer program tha t  generates  a  sequence of t e s t  
r ays  on an x, y g r i d  over t h e  f a c e  o f  t h e  r e t r o - r e f l e c t o r  and app l i e s  
t h e  fol lowing condi t ions  f o r  each ray: 
(1) Is' t h e  ray i n s i d e  t h e  t r i a n g u l a r  f ace  a s  def ined  by 
t h e  equat ion  of t h e  t h r e e  l i n e s  comprising t h e  triang1.e 
s i d e s ?  
AND 
(2) 	Is t h e  ray i.nside t h e  t ab  base c i r c l e  a s  defined by 
t h e  equat ion f o r  t h i s  c i r c l e ?  
AND 
(3) 	Is t h e  ray i n s i d e  tho cross  r a d i a l l y  mapped image of  
t h e  t r h n g l e  ( I ) ?  
'AND 
(4)  	Is t h e  ray i n s i d e  t h e  c ross  r a d i a l l y  mapped image of t h e  
t a b  base c i r c l e  (2 )?  
TABLE 2 
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FIGURE 5 RELATIVE CENTRAL IRRADIANCE FROM RETRO-REFLECTOR 
"VERSUS CAVITY (LOUVER) [-)EIGHT OVER D~AMETERRATIO, 
RLOW 
B. Mapping 
The ba s i s  f o r  determining which rays a r e  ' op t i c a l l y  unobscured i s  t h e  
mapping po in t .  For a l a s e r  beam inc iden t  a t  some off-normal zen i th  angle ,  
t h e r e  is a p o i n t  on t h e  r e t r o - r e f l e c t o r  f ace  ( t h s  mapping po in t )  about 
which any e x i t i n g  ray can be c ross - r ad ia l ly  .mapped ( equ id i s t an t  froir, t h e  
mapping po in t  and 180°.away) from t h e  correspondir~g .en t rant  ray.  The 
. 
mapping poin t  is d isp laced  from t he  cen te r  of t h e  re t ro- r .e f lec tor  f a c e  
and i s  i n  t h e  p lane  of inc idence .  The geometry i s  indi-cated i n  Figure 6 .  
The procedure f o r  determining t h e  o p t i c a l l y  unobscured a r e a  i s  f i r s t ,  
a ray is t e s t e d  t o  be i n  o r  ou t  of t h e  t r i -angle.and t o  be  i n  o r  out  of t h e  
t ab  base  c i r c l e ,  then t h e  mapped po s i t i on  o f  t h e  ray i s  t e s t e d  i n  the  
same way.* i 
The r a t i o n a l e  of t h e  l o c a t i o n  of t h e  mapping po in t  on t h e  r e t r o -  
r e f l e c t o r  f a c e  was e s t ab l i s hed  experimental ly us ing  a p r e c i s e  o p t i c a l  
labora tory  model."" The mapping po in t  \]as found (as  might have been 
expected) t o  correspond t o  t h e  e n t e r i ~ l g  p o s i t i o n  on t h e  r e t r o - r e f l e c t o r  
f ace  of t h e  r e f r a c t ed  ray t h a t  a l s o  passes through t h e  apex of t h e  r e t r o -  
r e f l e c t o r .  Therefore,  by S n e l l l s  law and t h e  geomecry of  t h e  r e t r o -  
r e f l e c t o r ,  t h e  d i s t ance  between t h e  c en t e r  po in t  on t h e  f ace  of t h e  
' r e t ro - r e f l ec to r  and t h e  mapping po in t  ,is 
'C = Htan [ a rc  s i n  (-) 1 
n 
and t h e  x and y components of t h e  po s i t i on  of t h e  mapping po in t  r e l a t i v e  
t o  t h e  c en t e r  po in t  of  the  r e t r o - r e f l e c t o r  f a c e  a r e :  
?. 
* The center .  of t h e  r e t r o - r e f l e c t o r  f ace  i s  (PO, :y=O). 
**The l abora to ry  model cons is ted  of a hollow a c r y l i c  r e t r o - r e f l e c t o r  with 
a ru l ed  g r i d  on i t s  f r o n t  f a c e  and f i l l e d  wi th  minera l  o i l  conta in ing  
a t r a c e  of whi te  p a i n t  t o  malce a l i g h t  beam v i s i b l e .  A zi,rconium a r c  
lamp (with a narrow, 2-millimeter diameter p a r a l l e l  beam), a co l l ima to r ,  
and t h e  o i l e d - f i l l e d  r e t r o - r e f l e c t o r  were mounted i n  a m i l l i ng  machine. 
This setZiip provided indexed x, y ,  and z c ross  adjustments by which t h e  
l o c a t i on  o.f rays  and en t r ance  and e x i t . p o i n t s  on t h e  r e t r o - r e f l e c t o r. .. . 
could be  s tud ied .  
CENTER RETRO-REFLECTOR FRONT FACE -/ 
FIGURE 6 GEOMETRY OF MAPPING POINT 
-. 

. 
n i s  t h e  o p t i c a l  index  of r e f r a c t i o n ,  1.4555 f o r  s i l i c a ,  

C i s  t h e  d i s t ance  between t h e  mapping p o i n t  and t h e  c e n t e r  of t h e  
f r o n t  f a c e  o f  t h e  r e t r o - r e f l e c t o r ,  
-
H i s  t h e  apex t o  f r o n t  f ace  d i s t ance  of t h e  r e t r o - r e f l e c t o r ,  
. . 
$ is t h e  zen i th  an&e of  t h e  i n c i d e n t  ( l a s e r )  beam, 
0 i s  t h e  azimuth angle of t h e  i n c i d e n t  ( l a s e r )  beam r e l a t i v e  t o  
one s i d e  of  t h e  f r o n t  fztce t r i a n g l e ,  
a i s  t h e  x conponent .of c ,  and 
b is t h e  y component of c. 
' C. Cavity Shado- 
The computation of t h e  e f f e c t  of cav i ty  shadowing a s  p r i n t e d  out  
i n  Table 2 i-s c a r r i e d  out  by imposing two condi t ions  i n  add i t ion  t o  1, 2 ,  
3 ,  and 4 s t a t e d  i r ~Sec t ion  A above: 
AND 
(5) 	Does t h e  r ay  under examicacion i i e  a t  a  p o i r ~ t  on t h e  r e t r s -  
r e f l e c t o r  f ace  which is unshadowed by t h ?  cav i ty  f o r  t h e  
given ( l a s e r )  beam zen i th  and azimuth angles? 
--	 . 
AND 
' (6) Does t h e  c ross - r ad ia l ly  mapped r ay  meet condi t ion  (5)? 
The a r e a  d e f i ~ t e d  by a l l  r ays  on t h e  r e t r o - r e f l e c t o r  f ace  t h a t  meet 
condi t ions  1, 2 ,  3 ,  4, 5, and 6 i s  o p t i c a l l y  unobscured and def ines  t h e  
l i g h t  t h a t  w i l l  emerge from t h e  r e t r o - r e f l e c t o r  given an i n s c r i b e d  c i r c l e  
f r o n t  f ace  shape,  a cav i ty  ( louver)  of  h e i g h t  t o  diameter r a t i o  of RLON, 
and a l a s e r  beam i n c i d e n t  a t  'given zen i th  (OFFAN) and azimuth (ROTAT) . 
angles .  For t h e  p a r t i c u l a r  i n s c r i b e d  c i r c l e  shape concent r ic  c y l i n d r i c a l  
<. 
cav i ty  considered,  t h e  o p t i c a l  r e t u r n  i s  independent of azimuth and , 
t he re fo re  the  l i s t e d  azimuth (ROTAT = 0.0) i s  r e p r e s e n t a t i v e  of any azimuth 
angle.  
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A s o l a r  o p t i c a l  test program f o r  a r e t r o - r e f l e c t o r  i n  simulated lunar  
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program included James C. Burke, Program Direc tor ;  Daniel  F. Cornstock 
and Pe t e r  C. Von Thuna, o p t i c a l  ins t rumenta t ion  and measurements; Frank 
E. Ruccia, thermal f a c i l i t y ;  Richard L. Merriam, a n a l y t i c a l  p red ic t ions ;  
David L. Richardson, s o l a r  s imulat ion and test .program; and John E .  
McCullough and Major M. White, test model design.  
I. SUMMARY 

A. PURPOSE 
The s o l a r  o p t i c a l  t e s t  program was conducted by Arthur D.  L i t t l e ,  
I n c . ,  to  s u b s t a n t i a t e  t h e  a n a l y t i c a l  methods used t o  p r e d i c t  t h e  o p t i c a l  
performance of the  r e t r o - r e f l e c t o r s  mounted i n  an a r r ay  on t h e  luna r  
sur face .  Increas ing  t h e  confidence l e v e l  and accuracy of t h e  a n a l y s i s  
used t o  p r e d i c t  t h e  o p t i c a l  s i g n a l  r e t u r n  from a n  a r r a y  of r e t r o -
r e f l e c t o r s  on t h e  moon a t  va r ious  sun condit ions would a i d  i n  t h e  ana lys i s  
of d a t a  being re turned  c u r r e n t l y  from such a r r ays  and serve  as  t h e  b a s i s  
f o r  design opt imiza t ion  of f u t u r e  a r r ays .  
B. SCOPE AND DESCRIPTION OF EXPERIMENT 
A t e s t  f a c i l i t y  was constructed which permit ted thermal and o p t i c a l  
measurements of a s i n g l e  r e t r o - r e f l e c t o r  exposed t o  t h e  s imulated luna r  
environment of vacuum, s o l a r  hea t ,  and low-temperature r a d i a t i o n .  The 
test r e t r o - r e f l e c t o r  was mounted i n  a  c a n i s t e r  incorpora t ing  t h e  phys ica l  
dimensior?~,  mounting hardware, and thermal  boundary condit ions t y p i c a l  of 
an ar ray  of r e t r o - r e f l e c t o r s  on t h e  lunar  sur face .  Solar  s imula t ion  was 
accomplis1.ed by means of a  col l imated beam of l i g h t  emanating from a 
xenon lamp mounted over  t h e  t e s t  chamber. A mir ror  arrangement i n  t h e  
t e s t  chamber permit ted changing t h e  angle  of incidence of t h e  sun. The 
o p t i c a l  t e s t  apparatus,  which was mounted on a  bench ou t s ide  of t h e  t e s t  
chamber, cons is ted  of a l a s e r  co l l imator  with an internal.  beam-spl i t te r ,  
o p t i c s  t o  focus t h e  d i f f r a c t i o n  p a t t e r n ,  a  photomult ipl ier  tube and 
ape r tu res  f o r  measuring t h e  c e n t r a l  and t o t a l  i r r a d i a n c e  i n  t h e  d i f f r a c -  
t i o n  p a t t e r n ,  a s soc ia t ed  readout  equipment, and a camera f o r  photograph- 
ing  t h e  d i f f r a c t i o n  pa t t e rn .  
Tes t ing  was conducted during two time periods t h r e e  months apart.. 
I n  t h e  i n i t i a l  t e s t s ,  accomplished i n  June 1970, t h e  t e s t  f a c i l i t y ,  in-
cluding s o l a r  s imula tor  and r e t r o - r e f l e c t o r  model, were operated success-
f u l l y .  However, measurements of t h e  c e n t r a l  i r r a d i a n c e  va r i ed  widely 
wi th  an unce r t a in ty  i n  excess of 240%. This d i s p a r i t y  precluded 
1 
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meaningful comparison of t h e  da ta  wi th  a n a l y t i c a l  r e s u l t s .  Af t e r  modi- 
f i c a t i o n s  and improvements were made t o  t h e  o p t i c a l  ins t rumenta t ion ,  the 
tests were repea ted  i n  September 1970. I n  t h i s  t e s t  program, two sepa ra t e  
series of tests were made, each covering a range of s o l a r  angles .  I n  
the  f i r s t  s e r i e s  of t e s t s ,  t h e  l a s e r  beam operated i n  i t s  normally polar-  
i z ed  condit ion.  I n  t h e  second s e r i e s  of t e s t s ,  a laser-beam po l a r i z e r  
(provided by t h e  Univers i ty  of Maryland) was incorporated.  It permit ted 
r o t a t i o n  of t h e  angle of  po l a r i z a t i on  of t h e  l a s e r  beam wi th  r e spec t  t o  
t h e  r e t r o - r e f l e c t o r .  
C. RESULTS 
A summary.of measured and predic ted  c a n i s t e r  temperatures and r e l a -  
t i v e  c e n t r a l  i r r ad i ance  va lues  a r e  presented i n  Table 1. The c an i s t e r  
temperatures were p red ic t ed  on t h e  b a s i s  of  a d e t a i l ed  thermal model, 
us ing  t h e  measured thermal  phys ica l  p rope r t i e s  of t h e  r e t r o - r e f l e c t o r ,  
c a n i s t e r ,  and r e t a i n e r  r i n g ,  and t h e  measured va lues  of i n c i d en t  thermal 
f lux .  The conductance va lues  between elements of t h e  re t ro- ref  l e c t o r  
c a n i s t e r  assembly were assumed t o  b e  those  measured f o r  t h e  Apollo 11 
a r r ay .  
TABLE 1 
I 
SUMMARY OF CANISTER TEMPERATURES AND 
RELATIVE CENTRAL IRIUDIANCE VALUES 
Re la t ive  Cen t ra l  I r r ad i ance  
Can i s t e r  Measured 
Temperature ( O K )  Normal Min-Max 
Condition Analysis Measured Analysis Po l a r i z a t i on  Po l a r i z a t i on
-
Room - 294 1 . 0  1 . 0  1.0 
Temperature 
-10 degrees 323 373 .92 .87 .94, 
-30 degrees 406 391 . 33  .26 .67 
-60 degrees 326 349 .46 .24 .99 
Lunar Night - 1 44 1.0 .80 no measurements 
The r e l a t i ve  cen t ra l  irradiance value of the retro-reflector was 
computed from the predicted loca l  temperature d i s t r ibu t ion  within the 
re t ro-ref lector ,  using an op t ica l  ray t race program to  determine the 
phase d i s t r ibu t ion  of the l a se r  energy leaving the re t ro-ref lector .  These 
phase dis t r ibut ions  were then used t d  predict  the central  irradTance of 
the ref lected energy. 
The measured r e l a t i ve  cen t ra l  irradiance values a r e  presented, f i r s t ,  
fo r  the l a se r  beam operating i n  i ts  normally polarized condition and, 
second, with the polarization ro ta tor  ins ta l led.  I n  the l a t t e r  case, the  
.experimentally reported cen t ra l  irradiance values a r e  the average of the 
maximm irradiance (corrected f o r  polarization e f fec t s  i n  the measurement 
optics) and minimum irradiance obtained as the  plane of polarization was 
rotated.  The uncertainty i n  the cen t ra l  irradiance measurements is low. 
The probable e r ror  i n  the  r e l a t i v e  cen t ra l  irradiance f o r  a l l  measurements 
i s  l e s s  than -+6%. 
The measured teinperatures of the canis ter  f a l l  within 3 t o  10%of 
. those predicted analyt ical ly .  A comparison of the measured r e l a t i ve  
central  irradiance value f o r  normal polar izat ion indicates good agreement 
with the analysis a t  a l l  but the  -60-degree solar  angle. However, i n  
l i g h t  of the la rge  polarization e f fec t  found during the second s e r i e s  of 
measurements, there i s  some doubt as  t d  the va l id i ty  of the normal polariza- 
t ion measurements. Experimental r e l a t i ve  central  irradiances based on 
the average behieen the  maximum and minimum polarization re turn s igna l  
$how the same general trend with increasing sun angle as do both the 
normal polarization r e su l t s  and the analysis. However, the maximum-minimum 
polarization r e su l t s  indicate  much higher r e l a t i ve  cen t ra l  irradiances 
than do e i ther  the normal polarization r e su l t s  or  the analysis. 
D. CONCLUSIONS 
Based on the r e su l t s  of the so l a r  op t ica l  t e s t s ,  we reached the 

following conclusions: 

1. The op t i ca l  performance of a re t ro-ref lector  i n  a lunar environ- 
ment agrees, i n  most important aspects, with the analyt ical  methods 
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previously used i n  t h e  thermal des ign  of f l i g h t  a r r ay s .  
(a) During lunar  n i gh t  when hea t  f l uxe s ,  temperatures,  and 
temperature g rad ien t s  a r e  smal l ,  t h e  r e l a t i v e  c e n t r a l  i r r ad i ance  predic ted  
by ana l y s i s  and confirmed by measurements i s  c l o s e  t o  un i ty .  
(b) During near  normal sun incidence ( i . e . ,  -10 degrees) when 
t h e  inc iden t  s o l a r  energy is re t ro - re f l ec t ed ,  r e l a t i v e  c e n t r a l  i r r ad i ance  
is again near  un i ty  f o r  r e s u l t s  obtained by ana l y s i s  and from measurements. 
(c) When t h e  sun angle exceeds t h e  c r i t i c a l  ang le  (-16 degrees) 
f o r  r e t r o - r e f l e c t i on ,  degradat ion i n  o p t i c a l  performance i s  most severe  
and improves a s  t h e - sun  angle  approaches -90 degrees. I n  t h i s  region the  
t rend  of t h e  a n a l y t i c a l  r e s u l t s  and experimental  da ta  ( a t  -30 and -60 
degrees) was t h e  same. However, we d id  not achieve con s i s t en t l y  good 
agreement between the' a na l y s i s  and measured r e s u l t s .  
2. Since t h e  ana lys i s  i n  its p resen t  form does not  inc lude  polar iza-  
t i o n  e f f e c t s ,  and s i n c e  t h e  r e t u r n  s i g n a l  from a thermally perturbed 
r e t r o - r e f l e c t o r  is extremely s e n s i t i v e  t o  t h e  angle of po l a r i z a t i on ,  i t  
-	 is d i f f i c u l t  t o  i n t e r p r e t  d i f f e rences  i n  r e l a t i v e  c e n t r a l  i r r ad i ance  be- 
t:Jzel t h e  ana l y s i s  and experimental  measurements a t  d i f f e r e n t  polar iza-  
t i o n  condit ions.  
3 .  The d i f f e rence  between a n a l y t i c a l  and experimental c an i s t e r  
temperatures,  while  gene ra l ly  about 10% o r  l e s s ,  is g r e a t e r  than would 
be an t i c ipa ted  from the.known.tolerances on inpu t  da t a  such a s  mount 
conductance, ma t e r i a l  p r ope r t i e s ,  and s o l a r  beam i n t e n s i t i e s .  The resolu-  
t i o n  of t hese  d i f f e rences  ~ o u l d  r equ i r e  add i t i ona l  d e t a i l ed  thermal 
measurements. 
The experimental r e s u l t s  of t h i s  program demonstrate t h e  correspondence 
between ana l y s i s  and experiment and v e r i f y  t h e  genera l  a p p l i c a b i l i t y  of 
our a n a l y t i c a l  techniques. The underlying ana l y s i s  f o r ' t h e  o p t i c a l  per- . 
formance and thermal con t ro l  of t h e  r e t r o - r e f l e c t o r s  i n  t h e  l una r  a r r ay  
has been ve i - i f ied  with sudcess fu l  s i g n a l  r e t u rn s  from t he  a r r ays  deploy- 
ed on t h e  lunar  su r face  during t h e  Apollo 11 and Apollo 14 missions. 
11. INTRODUCTION 

The Laser'Ranging Retro-Reflector (LRRR) experiment, a s  we l l  a s  i ts  
b a s i c  design,  was conceived by an i n v e s t i g a t i v e  group of s c i e n t i s t s  from 
s e v e r a l  i n s t i t u t i o n s  headed by C .  0. Alley of  t h e  Univers i ty  of Maryland. 
The LRRR experiment was o r i g i n a l l y  suggested i n  a l e t t e r  t o  t h e  Journa l  
of Geophysical ~ e s e a r c h ' l )  i n  1965. A complete d iscuss ion  of the  tech- 
nique f o r  t h e  experiment, inc luding  design cons idera t ions  f o r  t h e  LRRR 
a r r a y ,  was presented by t h e  Univers i ty  of Haryland i n  a  proposal  submit ted 
-
t o  NASA i n  December 1965. Under a  NASA g r a n t ,  r e t r o - r e f l e c t o r s  were 
success fu l ly  t e s t e d c 2 )  by t h e  Univers i ty  of Maryland with t h e  a s s i s t a n c e  
of t h e  Perkin-Elmer Corporation. Using t h e  f a c i l i t i e s  of NASA's Goddard 
Spacef l ight  Center ,  i n v e s t i g a t o r s  t e s t e d  t h e  o p t i c a l  performance of t h e  
r e t r o - r e f l e c t o r  i n  a  s imulated luna r  environment during t h e  Summer of 
1966. The placement of a r e t r o - r e f l e c t o r  package on t h e  moon a s  an 
o f f i c i a l  Apollo experiinent was /approved by NASA i n  1967, and t h e  dec is ion  
t o  inc lude  i t  on Apollo 11 a s  * a r t  of t h e  Early Apollo S c i e n t i f i c  Experi- 
i
ment Package (EASEP) was made by NASA i n  January 1969. 
The f i r s t  r e t r o - r e f l e c t o r  package, a 100-unit a r r a y ,  was placed on 
t h e  lunar  su r face  on Ju ly  20, 1969, a s  a  p a r t  of t h e  Apollo 11mission, 
and i t  has been opera t ing  success fu l ly  ever  s ince .  (3-6) A second r e t r o -  
r e f l e c t o r  a r r a y ,  a l s o  100 u n i t s ,  was placed on the.moon a s  p a r t  of t h e  
Apollo 14 mission. Construct ion of a  t h i r d  package, a 300-unit r e t r o -
r e f l e c t o r  a r r ay ,  planned f o r  Apollo 15  mission i n  Ju ly ,  i s  cu r ren t ly  
underway. 
ADL's a s s o c i a t i o n  with t h e  LRRR experiment da t e s  back t o  e a r l y  1967. 
Under con t rac t  t o  t h e  Univers i ty  of Maryland during t h e  Spring of 1967, 
we conducted prel iminary thermal analyses and mechanical design of the, 
LRRR ar ray  f o r  t h e  Apollo Lunar S c i e n t i f i c  Experiment Package (ALSEP) 
program. Our f i n a l  r e p o r t ,  which contained p red ic t ions  of r e t r o - r e f l e c t o r  
temperature g r a d i e n t s ,  included a prel iminary design concept incorporat-  
ing both thermal con t ro l  and s t r u c t u r a l  p ro tec t ion .  
From mid-1967 t o  mid-1968, we pa r t i c i p a t ed  i n  an i nve s t i g a t i on  of 
r e t r o - r e f l e c t o r  vendors,  and ac t ed  a s  l i a i s o n  wi th  t h e  i nve s t i g a t i v e  
group. I n  June 1968, we were awarded a con t rac t  by t h e  Univers i ty  of 
Maryland t o  de f ine  t h e  thermal performance of va r ious  thermal con t ro l  
designs of ,LRRR a r rays .  Upon completion of t h i s  work, we accomplished 
t h e  design and f ab r i c a t i on  of LRRR a r r ay s  f o r  t h e  Apollo 11and Apollo 
14 missions under con t rac t  t o  t h e  Bendix Aerospace Systems Division.  
Current ly ,  we a r e  engaged i n  t h e  assembly and t e s t  of the  r e t r o - r e f l e c t o r  
array.  f o r  Apollo 15, a l s o  i n  con junc t ion  w i t h  Bendix. 
Because of schedule l im i t a t i on s ,  we es tabz ished  thermal des ign  of 
this r e t r o - r e f l e c t o r  a r r ay  and p red ic t ed  op t2ca l  r e t u r n s  from t h e  a r r a y  
i n  a  luna r  thermal environment sole-ly by ana l y s i s  w i th  no test v e r i f i c a -
t i o n  o t he r  than  those  i n i t i a l  t e s t s  conducted by t h e  Univers i ty  of 
Maryland i n  t h e  Summer of 1966. These e a r l y  t e s t s ,  while  demonstrating 
t h e  b a s i c  f e a s i b i l i t y  of t h e  r e t r o - r e f l e c t o r  concept, d id  not  provide 
quan t i t a t i v e  d a t a  necessary f o r  designing t 5 e  f i n a l  a r r ay  conf igura t ion .  
The dec i s ion  t o  r e l y ,  t o  a l a r g e  e x t e n t ,  on t h e  a n a l y t i c a l  thermal des ign  
has  s i n c e  been v ind ica t ed  by t h e  success fu l  performance of t h e  Apollo 11 
and 14  mission a r r ays .  . 
The s o l a r / o p t i c a l  tes t .program,  which is t h e  sub jec t  of t h i s  r e p o r t ,  
i - ... 
was conducted t o  r e f i n e  t h e  predic ted  o p t i c a l  performance of t h e ' p r e s e n t  
a r r ay  hardware., improve t h e  accuracy of d a t a  reduct ion ,  provide a  b a s i s  
f o r  f u t u r e  a r r ay  des ign  opt imiza t ion ,  and a i d  i n  assess ing  po s s i b l e  
degradat ion i n  t h e  r e t u r n  s i g n a l  a t  some much l a t e r  t i m e .  The t e s t  prb-
gram wa s  begun i n  December 1969. 
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111. EXPERIiDNTN, FACILITY 
A. ' EXPERIMENTAL APPROACH 
The ob j e c t i v e  o f  the  s o l a r  o p t i c a l  t e s t  program was t o  v e r i f y  t h a t  
a thermal /opt ica l  ana l y s i s  could be  used t o  p r ed i c t  t h e  o p t i c a l  r e t u r n  
o f  a r e t r o - r e f l e c t o r  i n  a lunar  environment. Therefore,  t h e  experimental  
equipment was designed t o  provide o p t i c a l  measurements of t h e  r e t u r n  of 
r e t r o - r e f l e c t o r  when exposed t o  thermal environment s im i l a r  t o  t h a t  which 
might b e  experienced by an  a r r ay  on t h e  luna r  sur face .  
I n  experiments of t h i s  type,  an exac t  s imula t ion  of t h e  a c t u a l  
opera t ing  condit ions would be  imprac t i ca l ,  because i t  would r equ i r e  us ing  
a f u l l  a r r ay  with support  and aiming mechanism placed on a reasonably 
l a r g e  expanse of s imulated luna r  s o i l  i n  a vacuum chamber which had both 
a s o l a r  beam and simulated space background temperatures. To produce a l l  
of these  condi t ions  s imultaneously would be p roh ib i t i v e l y  expensive and, 
t o  a l a r g e  ex ten t ,  is  q u i t e  unnecessary. A f a r  more reasonable approach 
would be co devise  an experiment idiicli sirnitlazed thz  mest iolportant 
boundary condi t ions ,  and then use t h i s  experiment t o  v e r i f y  t h e  a n a l y t i c a l  
method when appl ied  t o  these  experimental condit ions.  Therefore,  we de- 
s igned a f a c i l i t y  capable of t e s t i n g  a s i n g l e  r e t r o - r e f l e c t o r  i n  a simul-
a t ed  a r r ay  segment. 
A s i n g l e  r e t r o - r e f l e c t o r  i n  an a r r ay  segment allowed use of a 
reasonably s i zed  s o l a r  beam, and was cons i s t en t  wi th  previous a n a l y t i c a l  
s t ud i e s  which have ind ica t ed  t h a t  t r ansve r se  temperature g rad ien t s  i n  
t h e  a r r ay  and v a r i a t i o n s  i n  performance from r e t r o - r e f l e c t o r  t o  r e t r o -  
r e f l e c t o r  were extremely small.  The a r r a y  segment was i n su l a t ed  on t h e  
s i d e s  and back t o  e l imina te  ex t e r na l  heat  t r an s f e r  o ther  than t h a t  assoc i -  
a t ed  wi th  t h e  f r o n t  f a c e  of t h e  r e t r o - r e f l e c t o r  and a r r ay  segment. I n  
t h e  a c t u a l  a r r ay ,  t h e  s idewise,  o r  t r ansve r se ,  h e a t  t r a n s f e r  was neg l ig ib l e .  
However, heat  t r a n s f e r  through t h e  back of t h e  a r r ay  may be s i gn i f i c an t .  
I n  a c t u a l  opera t ion ,  t h e  hea t  lealc from t h e  back may be e i t h e r  p o s i t i v e ,  
nega t ive ,  o r  e s s e n t i a l l y  zero, depending on t h e  p a r t i c u l a r s  of s i t e  and . 
Arthur I) l .~[t lclnc 
t h e  s p e c i f i c  des ign  of t h e  support  hardware. By e l e c t i ng  t o  e l iminate  
back hea t  t ransfer . ,  we conducted t e s t s  under a  r e a l  condit ion ~ d l i c h  was 
a s  v a l i d  a s  any o t he r  f o r  comparing t h e  a n a l y t i c a l  d a t a  wi th  experimental 
". r e s u l t s .  The use of a l i q u i d  n i t rogen  temperature background (77OK r a t h e r  
than t h a t  of  ou t e r  space,  la few ddgrees Kelvin) simpli-fied t h e  experiment 
g r e a t l y ,  because, i n  e i t h e r  case ,  t h e  r ad i a t i on  from t he  t e s t  chamber 
w a l l s  t o  t h e  model o r  from space t o  t h e  a r r a y  was neg l ig ib l e .  
The s o l a r  s imula tor ,  a  xenon lamp, used i n  t h e  experiment, a l s o  
provided inaccura t e  s imula t ion  s i n ce  i t s  s p e c t r a l  content  d id  not  a c t u a l l y  
match t h a t  of t h e  sun.  However, t h i s  did not  compromise t h e  ob jec t ive  of 
ve r i fy ing  t h e  ana l y s i s  s i n c e ,  when t h e  ana l y s i s  was applied to  t h e  experi- 
mental s i t u a t i o n ,  we used t h e  a c t u a l  s o l a r  r ad i a t i on  p rope r t i e s  of materi-  
a l s  when exposed t o  t h e  xenon beam. 
B. TEST CHANBER 
. . 
The ADL vacuum test chamber used i n  t h i s  t e s t  has an  i n t e r n a l  work- 
ing  space approximately 2 f e e t  i n  diameter and 4 f e e t  long,  and was modi- 
f i e d  by t h e  add i t i on  o f  appropr i a t e  windows, penet ra t ions ,  and LN shrouds.2ITine chamber a l s o  has  a vacum system capable of producing a vacuum of l e s s  
than t o r r ,  and i s  supported py pneumatic mounts t o  minimize mechanical' 
. inputs  t o  t h e  o p t i c a l  system. 
. .  
- The t e s t  chamber and i t s  r e l a t i o n s h i p  t o  the  s o l a r  s imula tor  and 
o p t i c a l  ins t rumenta t ion  a r e  shown i n  Figure 1. A 4-inch diameter 
s t a i n l e s s - s t e e l  tube,  which pene t r a t e s  one end of the  chamber, i s  used a s  
an  o p t i c a l  r a i l  on which a r e  mounted both the r e t r o - r e f l e c t o r  t e s t  modei 
w i th in  t h e  chamber and t h e  o p t i c a l  instrumentat ion t ab l e  ou t s ide  the 
chamber. The beam from t he  l a s e r  co l l imator  e n t e r s  and leaves t h e  chamber 
through a BK-7 windoru which is f l a t  and ~ a r a l l e l  to  1/20).. The s o l a r  
s imulator  is loca ted  on top  of t h e  t e s t  chamber. The s o l a r  beam en t e r s  
t h e  chamber through a  0.75-inch t h i ck  I n f r a s i l  window. Idithin the  :. 
chamber t h e  s o l a r  beam can be  r o t a t e d  i n  t h e  ho r i zon ta l  plane by a  mir ror  
system which provides sun angles  from +30 to  -70 degrees with r e spec t  t o  
t h e  r e t r o - r e f l e c t o r  ax i s .  (As t h e  r e t ro - re f l ec to r  is i n s t a l l e d ,  with i t s  
poin t ing  ax i s  and one t r u e  edge i n  a  ho r i zon ia l  p lane ,  t o t a l  i n t e r n a l  
Arthur r>I.~(tleinc-
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r e f l e c t i o n  e x i s t s  between sun angles  of approximately -60 t o  f90 degrees.) 
A l i q u i d  nitrogen-cooled shroud encloses t h e  r e t r o - r e f l e c t o r  t e s t  

model and r o t a t i n g  mir rors .  This shroud has  a semic i rcular  cross-sect ion 

matching t h e  upper ha l f  of t h e  t e s t  chamber an& i s  about 20-inches long. 

Cutouts a r e  provided i n  $he shrotid f o r  t h e  s o l a r  beam, t h e  . op t i ca l  pa th ,  

and t h e  t e s t  model suppor t .  , 

C. TEST MODEL 
The test model cons i s t s  of  t h e  t e s t  r e t r o - r e f l e c t o r  mounted i n  a 

s imulated a r r a y  segment ( c a n i s t e r )  with t h e  assoc ia ted  thermal i s o l a t i o n ,  

pos i t i on ing ,  and support  equipment. Figure 2, which presents  a s e c t i o n a l  

view of the  test model, i l l u s t r a t e s  these  f ea tu res .  A s  F igure  2 shows, 

t h e  t e s t  r e t r o - r e f l e c t o r  is mounted wi th in  an aluminum c a n i s t e r  which in-  

corporates  both  t h e  i n t e r n a l  geometry of the  a r r a y  cav i ty  and a representa- 

t i v e  po r t ion  of  t h e  a r r a y  f r o n t  sur face .  The r e t r o - r e f l e c t o r  i s  r e t a i n e d  

i n  t h e  c a n i s t e r  wi th  Apollo 14 f l i gh t - type  support r i n g s  and r e t a i n e r  

r i n g  (6-degree t a p e r ) .  

.The c a n i s t e r  is connected t o  t h e  copper guard enclosure wi th  low- 

conductance suppor ts  made from 9.25 i x 5 .  d i c r e t e r  Pyrex b a l l s .  The 

copper guard enc losure  i s - h e a t e d  wi th  e l e c t r i c a l  patch hea te r s  appl ied  t o  

: i ts  back and s i d e  su r faces .  Temperatures a r e  measured wi th  chromel- 
-... constantan thermocouples loca ted  a t  two a x i a l  p o s i t i o n s  on the copper 
guard enclosure,  and one l o c a t i o n  on both  the  c a n i s t e r  and t h e  r e t a i n e r  
r i n g .  A d i f f e r e n t i a l  thermocouple (chromel-constantan) measures t h e  
temperature d i f f e rence  between t h e  c a n i s t e r  and t h e  copper guard enclosure.  
I n  p r a c t i c e  tie have been a b l e  t o  con t ro l  t h e  temperature d i f f e r e n c e  between 
t h e  c a n i s t e r  and t h e  copper guard enclosure t o  l e s s  than 0.S0K. This r e -  
s u l t e d  i n  a hea t  f lor i  between t h e  guard enclosure and t h e  c a n i s t e r  of l e s s  
than 2 percent  of t h e  s o l a r  energy absorbed on t h e  f r o n t  f a c e  of t h e  

c a n i s t e r .  

3, 

'The guard enclosure has a s h i e l d  p l a t e  which surrounds t h e  f r o n t  

su r face  of t h e  c a n i s t e r  and prevents  s o l a r  energy from impinging on i ts  

s ides .  The guard enclosure is a t tached t o  a mount bracket  which, f n  

turn ,  i s  a t tached t o  t h e  support bracket  by means of a micrometer/spring 

system by which accura te  alignment of t h e  r e t r o - r e f l e c t o r  wi th  r e spec t  t o  
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t h e  l a s e r  beam can be  e f f ec t ed .  The support  bracket  i s  a t tached t o  t h e  
.. 
o p t i c a l  r a i l  through a low conductance pad. 
Figure 3 shows t h e  t e s t  model from t h e  f r o n t  o r  solar-beam s i d e .  
" ~ t  t h e  c a n i s t e r  is framed by t h e  s h i e l d  shows how t h e  f r o n t  f a c e  of 
p l a t e  and how t h e  gap between the  c an i s t e r  and t h e  s h i e l d  p l a t e  i s  cover-
ed wi th  a t h i n  r ibbon of aluminized Mylar tape.  The thermocouple on 
t h e  r e t a i n e r  r i n g ,  t h e  alignment micrometers, and t h e  l eads  t o  t h e  v a r i -  
ous thermocouples and hea t e r s  a r e  a l s o  shown i n  Figure 3 .  
D . FACILITY INSTRUMENTATION 
1. Temperature Measurements 
Copper-constantan thermocouples were used t o  take  temperature measure- 
ments a t  var ious  l o c a t i on s  on t h e  l iquid-n i t rogen shroud of t h e  chamber, 
and chrome1 constantan thermocouples were used i n  t h e  t e s t  model. The
-
l o c a t i on ,  type,  and s i z e  of t h e  thermocouples used a r e  presented i n  Table 
2. A l l  thermocouples had one junct ion  i n  an i c e  re ference .  
TABLE 2 
TEERMOCOWLE DATA 
Locat ion . No. . XYF Size  
Shroud ( in .  d ia . )  
End (2) Copper-Cons t an tan  0.005-
S ide  (2) Copper-Constantan 0.005 
LN2 i n  (1) Copper--Constantan 0.005 
LN ou t2 (1) Copper-Constantan 0.005 
Tes t  ~ d d e l  
Canis te r  (1) Chromel-Constantan 
Guard hea te r  (2) Chromel-Constantan 
D i f f e r e n t i a l  (U Chromel-Constantan 
canis  ter-guard -
Reta iner  r i n g  (1) Chromel-Constantan 
2. Solar-Beam Monitor 
Throughout t h e  t e s t ,  t h e  output  of t h e  s o l a r  s imula t ion  system was 
* 
continuously monitored by means of  a water-cooled pyrehl iometer  t-o de- 
t e c t  changes a t t r i b u t a b l e  t o  lamp or  mir ror  degradat ion.  The instrument  
2has l i n e a r  c h a r a c t e r i s t i c s  wi th  a s e n s i t i v i t y  of 0.0264 V/cm -mV. A 
sma l l  f ront -sur face  mir ror  placed i n  t h e  f r i n g e  of t h e  s o l a r  beam j u s t  
ahead of t h e  I n f r a s i l  window was used t o  d e f l e c t  a small  sampling of t h e  
s o l a r  beam onto t h e  pyrheliometer.  
* 
Hy-Cal Engineering Co., Model No. P-8400-B-01-120 
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I V .  SOLPI? SIMULATION 

'A. DESIGN 
The s o l a r  s i lnulator  used i n  t h i s  t e s t  program is s h o ~ m  i n  Figure 1. 
The s imula tor  uses  a 2.5-Md Osram xenon lamp a s  i t s  source of r a d i a n t  
power. This  lamp is loca ted  a t  t h e  f i r s t  focus of an 18-inch diameter 
e l l i p s o i d a l  f ront -sur face  mir ror .  The beam i s  next  r e f l e c t e d  from a 
f l a t  f ront -sur face  mir ror  upward to  a 4.25-inch diameter f ront -sur face ,  
aluminized s p h e r i c a l  mir ror  of 9-inch f o c a l  length  which col l imates  t h e  
beam. This  mirror  d i r e c t s  t h e  beam downward through a 0.75-inch t h i c k  
I n f r a s i l  window (provided by t h e  Univers i ty  of Maryland) i n t o  t h e  chamber, 
from whence i t  passes c e n t r a l l y  through a l a r g e  b u l l  gear  which c a r r i e s  
both of t h e  f l a t ,  in-chamber mir rors  used t o  d i r e c t  t h e  s o l a r  bean onto 
t h e  test model a t  var ious  s o l a r  angles.  One t u r n  of t h e  p in ion  gear  
which d r ives  t h e  b u l l  gear  produces a 1-degree r o t a t i o n  of t h e  sun angle.  
Two o p t i c a l  ape r tu res  a r e  used t o  l i m i t  both t h e  ainount of s t r a y  

l i g h t  en te r ing  t h e  chamber and the dianete: of ,., on t h e 
rho S e w  i s c i d e n t  

test model. One a p e r t u r e  is loca ted  above t h e  chamber I n f r a s i l  window 

and t h e  o t h e r  i s  loca ted  i n ' t h e  chamber, immediately upstream of t h e  

f i r s t ' inLchamber  mir ror .  With these  ape r tu res ,  t h e  half-angle divergence 

of t h e  s o l a r  beam was 3.9 degrees. 

B . CALIBRATION 
1. Background 
The b a s i c  phi losopl~y behind t h e  s o l a r  o p t i c a l  t e s t s  was t o  measure 

t h e  e f f e c t  of a s imulated s o l a r  beam on a r e t r o - r e f l e c t o r  r a t h e r  than t o  

t r y  t o  s imula te  t h e  sun i t s e l f  (an almost impossible  t a s k ) .  The procedure, 

t he re fo re ,  was t o  design and bu i ld  a s o l a r  s imula tor  which would minimize 

t h e  l o s s e s  i n  long-wavelength r a d i a t i o n  (through t h e  use  of f ront -sur face  

o p t i c s  and an I n f r a s i l  chamber window), and t o  measure t h e  absorptance 

of the  r e t r o - r e f l e c t o r  and a l l  components of i ts  mounting r e s u l t i n g  

from the "as-produced" s o l a r  beam. By t h i s  technique, absorptance t o  

ArthurD1-ittlelnc 
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t h e  energy present  i n  t h e  l i n e  spec t r a  of t h e  xenon lamp could be  measur- 
. ed. To complete t h i s  s imulat ion,  t h e  t o t a l  energy inc iden t  on t h e  retI-0- 
2
r e f l e c f o r  model- had t o  be 1.0 s o l a r  cons tant  (0.14 Wlcm ). 
2. Technique 
The s o l a r  i n t e n s i t y  a t  t h e  f r o n t  of t h e  t e s t  model was measured with 
an Bppley eight- junct ion,  c i r c u l a r  thermopile with bismuth-si lver  elements. 
The sensing element i n  t h i s  instrument is 0.219 inch  i n  diameter and is 
coated wi th  3M Blaclc Velvet. This  coa t ing  gave it a f l a t  s p e c t r a l  absorp- 
tance  i n  t h e  wavelength of i n t e r e s t  i n  t h i s  program. A 0.5-mm t h i c k  
quar tz  window covered t h e  rece iv ing  element. With t h i s  window, t h e  sens i -  
2
t i v i t y  of t h e  thermopile was measured a t  0.00897 W/cm -mV. 
Solar - in tens i ty  measurements were made i n  t h e  t e s t  chamber with t h e  
sensing element of t h e  thermopile being t raversed  i n  t h e  p lane  of t h e  
f r o n t  su r face  of t h e  t e s t  model. Traversing was achieved wi th  a  two-axis 
m i l l i ng  t ab l e  adapted f o r  t h i s  app l i ca t ion .  An al.ignment t a r g e t  was used 
throughout t h i s  program t o  l o c a t e  t h e  cen te r  of t h e  f r o n t  s u r f a c e  of t h e  
t e s t  model. A cathetometer focused on t h e  o p t i c a l  alignment t a r g e t  was 
used a s  a  i-eference f o r  acijusting t h e  zeiro posLtion of tho t h e r ~ o p i l e  
when t h e  thermopile replaced t h e  t a r g e t .  
The i n t e n s i t y  l e v e l  of  t h e  s o l a r  beam was ,adjusted with t h e  thermo- 
p i l e  i n  t h e  X = 0 ,  Y = 0 po s i t i on  wi th  t h e  s o l a r  beam a t  normal incidence.  
In  t h e  c a l i b r a t i o n  procedure, t h e  xenon lamp was allowed t o  reach equ i l ib -  
rium temperature a t  l e a s t  10 minutes p r i o r  t o  s e t t i n g  t h e  thermal i n t en s i t y  
l e v e l  a t  1 s o l a r  cons tant .  Throughout both t h e  c a l l b r a t i on  t e s t  and t h e  
' s o l a r  t e s t  program, t h e  lamp current  was maintained a t  t h e  l e v e l  measured 
during the  i n i t i a l  c a l i b r a t i on .  The dc s o l i d - s t a t e  power supply f o r  t h e  
xenon lamp was s t a b l e ,  and t h e  lamp cu r ren t  requi red  v i r t u a l l y  no adjus t -
ment throughout t h e  complete t e s t  program. 
Ca l ib ra t ions  of t h e  s o l a r  i n t e n s i t y  over  t h e  f r o n t  su r face  (+1 i n t h  
i n  both d i r e c t i on s  from t h e  cen te r  o f  t h e  t e s t  model) were made a t  sun 
angles  (measured from t h e  normal) of  normal incidence. ( s o l a r  noon) of 
-16, -30, and -60 degrees. A t  these  angles  of incidence,  t h e  sensing 
element of t h e  radiometer was maintained perpendicular  t o  t h e  s o l a r  beam 
by wedge blocks.  'The t i l t e d  radiometer was then t raversed  i n  t h e  p lane  
of t h e  f r o n t  su r face  of t h e  t e s t  model. Thus, t h e  i n t e n s i t y  measured 
,,was t h e  i n t e n s i t y  inc iden t  on t h e  model a t  t h e  angle of i n t e r e s t .  
3 .  Resul t s  
Ca l ib ra t ion  measurements were made both before  and a f t e r  t h e  .second 

s e r i e s  of t e s t s .  Flux i n t e n s i t i e s  were measured a t  d i s c r e t e  loca t ions  

throughout t h e  2- by 2-inch a rea  and thermal f l u x  p a t t e r n s  were p l o t t e d .  

The flux- i n t e n s i t y  maps both before  and a f t e r  t e s t s  had e s s e n t i a l l y  t h e  

. -
same shape. Representat ive f l u x  i n t e n s i t y  p a t t e r n s  f o r  normal and 60- 
degree inc idence  angles  before  t e s t i n g  a r e  shown i n  Figures '4 and 5 .  The 
. o u t l i n e  of t h e  2-.by 2-inch c e n t r a l  a r ea  of t h e  t e s t  model and t h e  1.5- 
inch  diameter  a r e a  of the  r e t r o - r e f l e c t o r  a r e  shorm a s  do t t ed  l i n e s .  
We c h a r a c t e r i z e d  f h e  s o l a r  beam by t h e . f l u x  i n t e n s i t y  l e v e l  i n  t h e  

1.5-inch diameter c e n t r a l  a rea  and those  i n  t h e  remaining a rea  covering 

t h e  f r o n t  s u r f a c e  of t h e  model. In our  a n a l y s i s  of t h e  thermal behavior 

of t h e  test model, t h e  f l u x  i n t e n s i t y  va lue  f o r  t h e  c e n t r a l  1.5-inch 

2diameter , a r e a  was 0.140 W/cm] and 0.115 tT/cm2 f o r  t h e  remainder .of t h e  
2- by 2-inch area.  Figures 4 and 5 show t h a t  t h e  s o l a r  i n t e n s i t y  d i d  not  
I 
vary  appreciably from 1 s o l a r  constaAt throughout t h e  1.5-inch diameter 
c e n t r a l  a r e a ,  bu t  t h a t  t h e  i n t e n s i t y  l e v e l  dropped o f f  somewhat f o r  t h e  
remainder of t h e  2- by 2-inch f r o n t  su r face  of t h e  model. 
At. t h e  end',of t h e  r e t e s t  program, t h e  s o l a r  i n t e n s i t y  i n  t h e  c e n t r a l  
1.5-inch diameter a r e a  of t h e  t e s t  model had decreased -to an average 

2

va lue  ( a l l  s o l a r  angles)  of 0.13 W/cm , a 7.1% decrease from t h e  pre- tes t  
2
average va lue  of 0.14 W/cm . We es t ima te  t h a t  t h i s  decrease i n  s o l a r  
f l u x  cou.ld r e s u l t  i n  a decrease of about 2% i n  t h e  temperature of t h e  
c a n i s t e r .  Since t h e  xenon lamp c u r r e n t  and t h e  solar-beam monitor b o t h -  
remained cons tant  during t h e  t e s t  program, t h e r e  was no degradat ion i n  
e i t h e r  t h e  lamp o r  e x t e r n a l  t r a n s f e r  o p t i c s .  The chamber window was a l so  
unaffec ted .  However, t h e  two mir rors  i n  t h e  t e s t  chamber had a no t i ceab le  
haze r e s u l t i n g  from,an accumulation of o i l  which had back-streamed from 
FIGURE 4 FLUX INTENSITY DISTRIBUTION -NORMAL INCIDENCE 
Arthur D1.1ttlelllc 
-FIGURE 5 FLUX INTENSITY DISTRIBUTION - 60' INCIDENCE 
Arthur DL~ctle,lnc 
t h e  d i f f u s i on  pump. This  appears t o  have been t h e  major .contr ibutor  t o  
t h e  s o l a r  degradation. 
C. PROPERTY MEASUREEIENTS 
I n  t h e  a n a l y t i c a l  program, t h e  s o l a r  absorptance va lues  i n  t h e  a r ray  
! 
r ep resen t  an  important i npu t  i n  t h e  model used t o  p r ed i c t  the  o p t i c a l  
performance of t h e  ma te r i a l s  i n  a n  a r r ay  on t h e  luna r  sur face .  Lkkewise, 
when applying t h i s  ana lys i s  t o  p r ed i c t  r e t r o - r e f l e c t o r  performance during 
t h e  s o l a r  o p t i c a l  t e s t s ,  i t  is important t o  know t he  absorptance of the  
ma t e r i a l s  of t h e  t e s t  model t o  t h e  simulated so.lar energy ( a  xenon lamp). 
1. Absorptance Measurements 
The absorptance of t h e  r e t r o - r e f l e c t o r ,  t h e  anodized retaine;  r i ng ,  
and t h e  s t r u c t u r a l  aluminum of t h e  r e t r o - r e f l e c t o r . a r r ay  was measured by 
exposing samples of t h e  ma t e r i a l  t o  t h e  xenon lamp beam, while  t h e  test 
chamber was maintained a t  a cons tant  temperature by l i q u i d  nrtrogen.  The 
samples were suspended (one a t  a  time) by low-conductanc;, s t a i n l e s s -
s t e e l  wires  a s  shown schematical ly i n  Figure 6. With t h e  chamber evacu- 
-6
a t ed  t o  a p res su re  o f  l e s s  than 10 t o r r ,  hea t  from t h e  test sample is 
-I 
transfer-re: pr izc ipa l l j r  5; r ad ie t ioc .  condj.-A t  equilibri~zq-tenperet~~re 
t i on s ,  t h e  r e l a t i on sh i p  between so.lar ,absorptance and t h e  temperature of 
t h e  r e t r o - r e f l e c t o r  and t h e  aluminum samples is g i v e r b y  t h e  following 
.equat ions:  
Retro-Reflector i n  Equilibrium: 
., 
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Stainless Steel 
Wile Supports (3) 
FIGURE ti SAMPLE HOLDER FOR SOLAR ABSORPTANCE MEASUREMENTS 
Aluminum Samples i n  Equilibrium: .. 
%here 
a 
S 
= solar  absorptance 
c = emittance of quartz 
At = t o t a l  area of re t ro-ref lector  (37.6 2 cm ) 
Af = . front area (13.5 
2 
cm ) 
As = s ide  area of aluminum samples (0.333 Af) 
TR = re t ro-ref lector  temperature (OK) 
= ambient temperature (OK)
amb 
2 
= solar  in tens i ty  (W/cm )4s 
= emittance of blackened rear  surface of aluminum
"R 
c = emittance of f ron t  surface of aluminum
r 
The samples t o  be tes ted included a fl ight-quali ty quartz re t ro-  
re f lec tor  1.5 inches i n  diameter, a 6061-T6 aluminum pla te  1.5 inches i n  
diameter.with a 32-micro-inch f in i sh ,  and a 1100 anodized aluminum pla te  
i n  accordance with Specification QA-1-0511-El-16 which i s  used i n  the 
I.aser retro-reflector array for  Apollo 11. Because of t he i r  low emittance 
values, we painted the back surface of both of the aluminum samples with 
3M  Blaclc Velvet paint  t o  ensure that  we had a high-emittance surface,  ' 
and also to  ensure that  errors  i n  measurement of the reported values of 
the emittance of both 6061-T6 and 1100 anodized aluminum were minimized. 
2. Results 
. . 
Table 3 presents a summary of the  resulfs  of the so la r  absorptance 
measurements, as well as  values for  the long-wavelength emittance. The 
emittance values for  aluminum are based on measurements made by ADL during 
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design of t h e  Apollo 11LRliR and t h e  emit tance va lues  f o r  qua r t z  'are 
taken from .da ta  published by t h e  ThermopI~ysical P rope r t i e s  Research 
Center . a t  Purdue Univers i ty  i n  1966. 
I . TABLE 3 
THERMAL PROPERTIES OF LRRR MATERIALS 
So la r  
Sample Descr ip t ion  Emittance, E Absorptance, a 
(~ lcmL)  . 
Fl igh t -qua l i ty  quar tz  
re t ro- ref  l e c t o r  
6061-T6 aluminum 

(32-uin. f i n i s h )  

1100 aluminum anodized i n  0.78 0.34 
accordance wi th  spec i f  i ca -  
t i o n  QA-1-0511-El-16 
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V. OPTICAL INSTRUMENTATION 

A. SYSTEM ARRANGEMENT 
The o p t i c a l  t e s t  apparatus cons is ted  of t h e  following components 
which a r e  l i s t e d  i n  t h e  sequence i n  rihich t h e  l i g h t  wave progresses ( see  
Figure 7) through t h e  instrumentat ion:  
Laser  Microscope ob jec t ive  
Chopper Fixed f l a t  mirror  
Collimator Movable f l a t  mir ror  
I s o l a t i o n  box Photomult ipl ier  
BK-7 window Removable camera 
Tes t  model Ex te rna l  c a l i b r a t i o n  f i x t u r e s .  
Figure 8 shows t h e  major components of t h e  o p t i c a l  instrumentat ion 

and t h e  a s soc ia t ed  e l e c t r b n i c s  . 

B. OPTICAL COMPONENTS 
1. Laser  
* 
A helium-neon gas l a s e r  designed t o  provide in t ense ,  uniphase,  

frequency-stable v i s i b l e  r a d i a t i o n  a t  a wavelength of 6328 angstroms, 

was used i n  t h i s  experiment. The temporal coherence of t h e  output rad ia-  

t i o n  is achieved by t h e  u s e  of a s t a b i l i z e d  o p t i c a l  resonator  designed 

s o  t h a t  only a s i n g l e  mode ( t r ansve r se  and long i tud ina l )  can operate .  The 

plasma tube conta ins  i s o t o p i c a l l y  pure helium-3 and neon-20. The tube 

and o p t i c a l  a r e  mounted on an Invar  resonator  s t r u c t u r e  having b i m e t a l l i c  

temperature compensation. The d i e l e c t r i c  resonator  mzrrors a r e  mounted 

a t  t h e  ends of t h e  Invar  resonator  s t r u c t u r e ;  one is f i x e d  and t h e . o t h e r  

is mounted on a p i e z o e l e c t r i c  element which i s  vol tage-control led f o r  

mir ror  spacing,  which, i n  tuyn, con t ro l s  t h e  l a s e r  frequency. The reson- . 

a t o r  and plasma tube a r e  housed i n  a temperature-controlled oven f o r  

thermal s t a b i l i t y .  

,.
** 
An e x c i t e r ,  vh ich  houses t h e  high-voltage pa re r  supply f o r  t h e  plasma 

tube e x c i t a t i o n ,  t h e  propor t ional  temperature-control c i r c u i t ,  a r e s t  

k Spectra-Physics, I n c . ,  Model 119 
** 
Spectra-Physics,  I n c . ,  Model 259B 
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FIGURE 7 SCHEMATIC OF OPTICAL INSTRUMENTATION 
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FIGURE 8 OPTICAL INSTRUMENTATION 
meter c i r c u i t ,  and a module f o r  manual c o n t r o l  of mir ror  spac ing ,  i s  

used wi th  t h e  l a s e r .  The output  power of t h e  i a s e r  is g r e a t e r  than 100 

microwatts. 

2. Laser  Collimator 
*:I The l a s e r  co l l imator  was modified s o  i t  could be used a s  a Fizeau 

i n t e r f e romete r  f o r  viewing i n t e r f e r e n c e  f r i n g e s .  (The col l imator  was ' 

never used i n  the 'F izeau  in ter ferometer  mode.) The beam-spl i t ter  i n  t h e  

u n i t  has  an aluminum-coated hypotenuse t o  provide a l a s e r  beam transmit- 

t ance  of 5 t o  10% a t  a wavelength equa'l t o  6328 angstroms. The en t r ance  

p u p i l  of t h e  co l l imator  conta ins  a l e n s  which focuses t h e  l a s e r  l i g h t  on 

a 6-micron which se rves  t o  f i l t e r  t h e  l a s e r  beam s p a t i a l l y .  

Prom t h e  p inhole ,  t h e  beam expands t o  f i l l  t h e  5-inch col l imator  l ens  50 

cm away from t h e  pinhole.  This  l e n s  changes t h e  s p h e r i c a l  wave t o  a 

p lane  wave f o r  i l l umina t ion  of t h e  r e t r o - r e f l e c t o r .  

3. BK-7 Window, 
The p a r a l l e l  l a s e r  beam passes  through a 2- inch. thick BK-7 vacuum-
** 
chamber window. This th ickness  was necessary t o  preclude t h e  window de- 
f l e c t i n z  under vacuum wi th  , h e  consequent degradat ion e f f e c t s  on t h e  l ens .  
It was a l s o  ground f l a t  t o  l e s s  t h a l  1/20 wavelength d i s t o r t i o n .  
L 
4. Magnif icat ion Optics  
- .  
- The col l imated beam i n  t h e  chamber f a l l s  on t h e  r e t r o - r e f l e c t o r  

model which is c e n t r a l l y  loca ted  i n  t h e  beam. The r e t u r n  beam passes  

through t h e  BK-7 window i n t o  t h e  5-inch l e n s  and is focused down t o  a 

d i f f r a c t i o n  p a t t e r n  50 cm. The r e t u r n  beam i s  d ive r t ed  from t h e  a x i s  of 

t h e  co l l imator  by t h e  45-degree b e a m - s p l i t t e ~ l o c a t e d  45 cm from t h e  

l ens ,  and t h e  r e t r o - r e f l e c t o r  d i f f r a c t i o n  p a t t e r n  i s  generated i n  a p lane  

approximately 5 cm ou t s ide  of t h e  co l l ima to r  housing. The o b j e c t i v e  l e n s  

of a "lo-poruer" in f in i ty -co r rec t ed  microscope is focused on t h i s  p lane  t o  

form a magnified image of t h e  d i f f r a c t i o n  Fur the r  magni f ica t ion  

and con t ro l  of t h e  d i f f r a c t i o n  p a t t e r n  is achieved by fo ld ing  t h e  l i g h t  

* 
A modified Tropelmodel  280-125. 
** 
Provided by the  Universi ty of Maryland. 
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path wi th  two f l a t  mir rors .  The f i r s t  mir ror ,  loca ted  a t  t h e  e x i t  of t h e  
microscope, is f ixed  t o  t h e  o p t i c a l  platform, and t h e  second mir ror  is 
mounted on a  two-axis p rec i s ion  micrometer s tand.  Ni th  t h i s  movable 
mount, t h e  d i f f r a c t i o n  p a t t e r n  can be a l igned  on t h e  ape r tu re  of t h e  
photomul t ip l ie r  
5.  Photomul t ip l ie r  Detector  
The i n t e n s i t y  o f  t h e  d i f f r a c t i o n  p a t t e r n  i s  measured quan t i t a t i v e l y  
wi th  a  photomultip' l ier tube  (RCA Type 6217, which has  a  response charac- 
t e r i s t i c  of Type S-10). An i n t e r f e r ence  f i l t e r  wi th  a  30-angstrom band- 
width is placed i n  f r o n t  of t h e  photomul t ip l ie r  tube and a 0.250-inch 
diameter ape r t u r e  is loca ted  ahead ' o f . t h i s  f i l t e r .  A removabG pinhole 
ape r tu re  (185-uin. diameter) can be  f i t t e d  i n t o  t h e  l a r g e r  ape r tu re .  The 
p inhole  ape r t u r e  at  t h e  magnif icat ion of our o p t i c a l  system corresponds 
t o  0.116 of t h e  Airy d i s c  . i n  a  1.5-inch diameter r e t r o - r e f l e c t o r .  
The photomul t ip l ie r  tube is powered by a  John Fluke Manufacturing 
Co. Model 41211 high-voltage dc power supply.  Output from t h e  photo- 
mu l t i p l i e r  is amplif ied i n  a  Brower Laboratory i?odel 261 preamplif ier .  
F i n a l  ampl i f i ca t ion  i s  wi th  a  Brower Laboratory Model 131 lock-in vo l t -
meter.  Oiitput from t h e  ampl i f i e r  was displayed with a Zickok Model 3P-
100 dc d i g i t a l  vol tmeter .  Addit ional ly,  t h e  s i g n a l  waveform was monitor- 
ed  on a  Herulett-Packard ~ o d e l '122A osc i l loscope .  The l a s e r  beam is 
chopped'with a Brower Laboratory Model 3L2 ' l ight  beam chopper. This 
chopper has  a  50-50 duty cyc le  at  39 Hz. S ignals  of t h a t  frequency only  
a r e  amplif ied s e l e c t i v e l y  and phase-sensi t ively demodulated by t h i s  
system t o  d i sc r imina te  aga ins t  o t h e r  sources of spur ious  s i g n a l s  such a s  
room l i g h t  and t h e  xenon lamp. 
6. Camera and Photograph 
. . 
Photographs of t h e  d i f f r a c t i o n  pa t t e r n s  r.7ere obtained wi th  a removr 
ab le  camera equipped wi th  a  Polaroid-type 545 f i lm  hwlder. This  camera, 
which is equipped wi th  a  s h u t t e r  and has no l en s ,  was placed i n  t h e  l i g h t  
beam immediately upstream of t h e  photomult ipl ier  tube. and a l igned  v i sua l l y  
before each photograph. Polaroid-type 55 pos i t ive-negat ive  f i lm  was used 
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f o r  a l l  photographs, and t h e  exposure time was 1 /15  of a second when 
t h e  chopper was i n  opera t ion  and 1 /30  of a second when no chopper was 
used. The po s i t i v e  f i lm  record of t h e  d i f f r a c t i o n  p a t t e r n  was entered i n  
t h e  l abora to ry  notebook a s  a  permanent record.  Each of the  negat ive  f i lms  
was i d e n t i f i e d  and is ava i l ab l e  f o r  photographic enlargements. 
7. Externa l  Ca l ib ra t ion  F ix tu res  
I n  t h e  course of t h e  test procedure, t h r e e  e x t e r n a l  c a l i b r a t i o n  
f i x t u r e s  were used. A s o l a r  c e l l  was used f o r  measuring t h e  l a s e r  output  
and f o r  ad jus t ing  t h e  l a s e r  f o r  optimum output .  Output from the  s o l a r  
c e l l  was measured with a  Hewlett-Packard Model 412A dc vacuum tube m i l l i -
ammeter. 
A 1.5-inch diameter 1/20 wavelength op t i c a l l y  f l a t  mir ror  was used 
i n  each s e r i e s  of measurements f o r  system c a l i b r a t i o n  and check. This 
f l a t  was placed between t h e  f i e l d  l en s  of t h e  co l l ima to r  and t h e  BK-7 
window. Schl ie ren  e f f e c t s  were minimized by enclosing t h e  f l a t  w i th in  
an i s o l a t i o n  box which was b u i l t  around t h e  a r e a  between t h e  co l l imator  
and t h e  BK-7 window. 
d re ference  r e t r o - r e f l e c t o r  N ~ Sx e d  f o r  21ig11ing the  l a s e r  wi th  
r e spec t  t o  t h e  6-micron diameter pinhole and f o r  determining where t h e  
c e n t r a l  i r r ad i ance  p a t t e r n  should be loca ted  on t h e  t e s t  r e t r o - r e f l e c t o r  
i n  t h e  chamber when t h a t  t e s t  r e t r o - r e f l e c t o r  was thermally perturbed 
and no c e n t r a l  i r r ad i ance  p a t t e r n  was v i s i b l e .  
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V I .  SOLAR OPTICAL TESTS 

A. OVERVIEW OF THE TEST PROGRAM 
I .Upon completion of t h e  alignment procedure f o r  the  co l l imator ,  out-
pu t  o p t i c s ,  and i n t e n s i t y  measuring equipment, t h e  t e s t  model was placed 
i n  t h e  t e s t  chamber, and t h e  chamber was secured and evacuated..  A f l i g h t -
q u a l i t y  r e t r o - r e f l e c t o r  (PE 148B) wi th  an RMS wave f r o n t  dev ia t ion  of 
X124.6 was used i n  t h e  t e s t  model. It was made by Perkin-Elmer, but  had 
been reworked by them f o r  t h i s  program t o  ach2eve.a XI33 f ront - face  sur -
f a c e  f i n i s h .  
, The t e s t  program began w i t h  measurement of t h e  r e t u r n  d i f f r a c t i o n  
p a t t e r n  of t h e  test r e t r o - r e f l e c t o r  taken a t  room temperature. Next, t h e  
chamber was cooled and t h e  s o l a r  s imula tor  was turned on. Equilibrium 
temperatures were achieved a t  sun angles o'f -10, -30, -60 and -15 degrees. 
Upon completion o f  t h e s e  tests, t h e  s o l a r  s imula tor  was turned o f f  and 
luna r  n.ight condi t ions  were simulated. -
IThe h z s i c  test program;,which included measurements taken a t  s o l a r  
angles  of -10, -30, and -60 degrees ynd luna r  n i g h t  condi t ions ,  was 
i n i t i a l l b -  accomplished i n  June and e a r l y  Ju ly  of 1970. I n  t h i s  . i n i t i a l  
series of t e s t s  t h e  t e s t  f a c i l i t y ,  inc luding  s o l a r  s imula tor  and re t ro-  
r e f l e c t o r  mounting equipment, operated successfu l ly .  However, due t o  
c e r t a i n  problems i n  t h e  set-up and opera t ion  of  - the  o p t i c a l  instrumenta- 
t i o n ,  t h e  experimental measurements of r e l a t i v e  c e n t r a l  i r r a d i a n c e  ob- 
t a ined  i n  t h e  June t e s t  program had an unce r t a in ty  of about 540% which, 
.of course,  precluded any meaningful comparison wi th  a n a l y t i c a l  r e s u l t s .  
a t e r  a  number of d i agnos t i c  checks and va r ious  modif icat ions and i m -
provements t o  t h e  o p t i c a l  ins t rumenta t ion ,  t h e  t e s t  program was rerun i n  
September and October 1970. The r e t e s t  program cons is ted  of two s e r i e s  
of t e s t s .  Af t e r  t h e  f i r s t  s e r i e s  of t e s t s  was completed ,(sun angles  of 
-10, -16, -30, and -60 degrees,and luna r  n i g h t ) ,  t h e  da ta  accumulated t o  
t h i s  point  were b r i e f l y  revierfled with R. F. Chang from t h e  Univers i ty  of 
Maryland, wi th  t h e  r e s u l t  t h a t  a second t e s t  s e r i e s  was planned. A l a s e r  
30 
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beam,polari.zer was obtained and p o l a r i z a t i o n  measurements were i n i t i a t e d  

t o  determine t h e  e f f e c t  of l a s e r  beam p o l a r i z a t i o n  on t h e  r e l a t i v e  

c e n t r a l  irGadiance of t h e  test r e t r o - r e f l e c t o r .  The remainder of the  

second t e s t  s e r i e s  included p o l a r i z a t i o n  measurements a s  w e l l  a s  t h e  

u sua l  o p t i c a l  t e s t s  a t  sun angles  of -10, -30, and -60 degrees.  The 

chamber was then allowed t o  warm slor?ly t o  room temperature while  ma-intain- 

, 	i ng  vacuum. Room temperature measurements were again made (with polar iza-  
t i o n  a l s o ) .  This completed t e s t i n g  wi th  t h e  t e s t  r e t ro - re f l ec to r .  Addi-
t i o n a l  d i agnos t i c  t e s t s  were made wi th  t h e  re ference  f l a t  and wi th  t h e  
r e fe rence  r e t r o - r e f l e c t o r  t o  determine t h e  e f f e c t  of l a s e r  beam polar iza-  
t i o n .  Tes t  r e s u l t s  a r e  included i n  Sec t ion  C below. 
B. TEST PROCEDURES 
1. Opt ica l  Tes ts  
. A s  t h e  t e s t  program proceeded, we rap id ly  converged on t h e  f o l l o r ~ i n g  

measurement sequence: 

P l ace  t h e  s o l a r  c e l l  a t  t h e  l a s e r  output and a d j u s t  

. 
t h e  AA c o n t r o l  on t h e  l a s e r  f o r  optimum l a s e r  output ;  

-	 Place  t h e  re ference  retro-re51ecCor (sonietimia c a l l e d  

t h e  r e fe rence  cube) i n  t h e  i s o l a t i o n  box a t  t h e  co l l imator  

o b j e c t i v e  l e n s ;  

-. 
-
-	 Adjust t h e  p o s i t i o n  of the  l a s e r  wi th  r e spec t  t o  the  

6-micron p i n  ho le  of t h e  co l l imator ;  t h i s  was done by 

measuring with t h e  photomul t ip l ie r  tube t h e  t o t a l  

energy (TRC) i n  t h e  re ference  r e t r o - r e f l e c t o r  and 

s e t t i n g  i t  a t  a  peak va lue .  

-	 Remove t h e  r e fe rence  re t ro- ref  l e c t o r  from t h e  i s o l a t i o n  

,box and measure t h e  t o t a l  energy (TTC) i n  t h e  r e t u r n  

p a t t e r n  from t h e  t e s t  r e t r o - r e f l e c t o r ;  

-
3,
-	 Place  t h e  re ference  f l a t  i n  t h e  i s o l a t i o n  box, a l i g n  

t h e  d i f f , rac t ion  p a t t e r n  wi th  t h e  photomult ipl ier  tube,  

and measure t h e  t o t a l  energy (TF) i n  t h e  r e t u r n  p a t t e r n  

from t h e  t e s t  f l a t ;  
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-	 Place  t h e  p i n  ho le  ape r tu re  i n  t h e  photomul t ip l ie r ,  
a l i g n  t h e  d i f f r a c t i o n  p a t t e r n  on t h i s  p i n  ho le  with 
movable mir ror ,  and measure t h e  c e n ~ r a l  i r r ad iance  (CF) 
of  t h e  tist f l a t ;  
-	 Replace t h e  f l a t  wi th  t h e  re ference  r e t r o - r e f l e c t o r  2nd 
measure t h e  TRC again.  
-	 Measure t h e  c e n t r a l  i r r ad i ance  (CRC) of t h e  r e fe rence  
r e t r o - r e f l e c t o r  by peaking the  l o c a t i on  of t h e  d i f f r a c -  
t i o n  p a t t e r n  wi th  t h e  movable mir ror ;  
-	 Remove t h e  re ference  r e t r o - r e f l e c t o r  and measure t h e  
c e n t r a l  i r r ad i ance  (CTC) of the  t e s t  r e t r o - r e f l e c t o r  
i n  t h e  chamber; 
- P l ace  t h e  po1arize.r between the l a s e r  and t h e  co l l imator  
and measure t h e  CTC f o r  both maximum and minimum polar iza-  
t i o n  angles .  
- 0btain.photograph of t h e  d i f f i rac t ion  pa t t e r n  f o r  maxi- 
mum and minimum po l a r i z a t i on  angle and f o r  no po la r i ze r .  
Dur'lng t h e s e  t e s t  procedures,  measurements were a l t e r n a t e l y  made 
wi th  t h e  s o l a r  c e l l  t o  determine t h e  l a s e r  output .  The above procedure 
. -was gene ra l ly  followed f o r  each test sequence ?with t h e  exception of t h e  
po l a r i z a t i on  measurements made i n  e a r l i e r  t e s t s ) .  A t  l e a s t  t h r e e  complete 
s e t s  of measurements were made a t  each equi l ibr ium temperature condit ion.  
I n  most i n s t ances ,  many determinat ions of  t h e  c e n t r a l  i r r ad i ance  of t h e  
test r e t r o - r e f l e c t o r  (CTC) were made i n  each t e s t  set. 
2. Procedure f o r  Thermal Tes ts  
Upon completion of che o p t i c a l  t e s t s  a t  room temperature, we i n i t i a t e d  
t h e  f irst  thermal pe r tu rba t ion  by cooling t h e  chamber shroud wi th  l i q u i d  
n i t rogen and turning on t h e  s o l a r  s imula tor .  The t e s t  procedure r equ i re s  
keeping t h e  s o l a r  inte .=si ty cons tant  by monitoring t h e  xenon lamp cu r ren t  
. 	 , 
and t h e  s o l a r  beam. No d i f f i c u l t y  was experienced i n  maintaining t h e  . 
lamp a t  a cons tant  cur rent .  
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To minimize t h e  hea t  t r a n s f e r  between t h e  c a n i s t e r  which conta ins  
t h e  test r e t r o - r e f l e c t o r  and t h e  e x t e r n a l  environment, the  copper guard 
enclosure around t h e  c a n i s t e r  was maintained a t  t h e  same temperature a s  
' the c a n i s t e r  by manually c o n t r o l l i n g  t h e  e l e c t r i c a l  hea te r s  on t h e  copper 
I 
hea te r  box. The success  o f ' t h i s  procedure was dependent upon t h e  s k i l l  
of t h e  test ope ra to r  and, although i t  requi red  cons tant  a t t e n t i o n ,  i t  was 
n o t  d i f f i c u l t  t o  main ta in  a near-zero temperature d i f f e r e n t i a l  between 
these  two elements. 
The r e t r o - r e f l e c t o r  c a n i s t e r  assembly had a long time cons tant  
. 	 (est imated t o  be  about 4 hours) and t h e  time requi red  t o  achieve equ i l ib -  
rium a t  va r ious  sun angles  was about 12 hours.  For t h e  n ight t ime condi- 
t i o n  when r a d i a t i v e  coupling i s  p a r t i c u l a r l y  wealc, complete equil ibr ium 
was never achieved i . . , t h e  r e t r o - r e f l e c t o r  never reached the  chamber 
w a l l  temperature even a f t e r  65 hours) .  Likewise, when achieving f i n a l  
. 	 room-temperature condi t ions  a f t e r  a l l  t e s t i n g  was complete, we allowed 
fou r  days' before  making our ' f i n a l  daytime o p t i c a l  measurements. With t h e  
exception of t h e  luna r  n ight t ime condi t ion ,  we a r b i t r a r i l y  assumed t h a t  
t h e  equil ibr ium condi t ions  were achieved whe11 t h e  c a n i s t e r  temperature 
I 
var i ed  l e s s  ~ h a n  0.2 degreelhr .  In t h e  case of t h e  l ~ n a r  n ight t ime,  thc 
temperature of t h e  c a n i s t e r  was dropding l e s s  than 0.5 degree/hr  when 
equil ibr ium measurements were being made. 
C. TEST ,RESULTS 
1. 	 Thermal Tes t s  
The equil ibr ium temperatures of t h e  c a n t s t e r  and t h e  r e t r o -  
r e f l e c t o r  r e t a i n e r  r i n g  a r e  summarized i n  Table 4. These d a t a  of Table 
4 a r e  t h e  f i r s t  measurements ( S e r i e s  1)  i n  t h e  l a t e s t  s e r i e s  of t e s t s  and 
f o r  t h e  second s e r i e s  of t e s t s  (Ser ies  2)--after lunar  n ight t ime condi t ions .  
I n  comparing t h e  equi l ibr ium temperatures  of the  S e r i e s  1 tests wi th  t h e  
S e r i e s  2 t e s t s  f o r  -10 and -60 degrees,  we s e e  t h a t  t h e  equi l ibr ium tem- 
*. 
pera tu re  of t h e  c a n i s t e r  decreased s l i g h t l y .  W e  suspec t  t h a t  t h i s  de- 
c rease  r e s u l t e d  from a decrease i n  t h e  s o l a r  i n t e n s i t y  a t  t h e  t e s t  model 
which occurred progress ive ly  during t h e  l a t t e r  phases of t h e  second s e r i e s  
TABLE 4 
S W Y  OF THERMAL AND OPTICAL TESTS 
Tes t  
Condi-
t i o n  
Room 
Temp. 
I, 
I f  
Tes t  
Sequence 
1 
10  
S e r i e s  
1 
2 
1&2 
No. of 
Measure-
ments 
4 
26 
30 
Temperature-
Can i s t e r  
(OK) 
1300 
Re ta ine r  
( O 1 0  
; " I n i t i a l t '  
Tes t  
Tempera-
t u r e  
(OK) 
295 
Mean 
Value o f  
Cen t r a l  
I r r a d i a n c e  
I 
(CTC/TF)
.00656 
.00617 
.00623 
Analys i s  
I f l o  
1 .0  
Canis te 
' Temp 
300 
1 
2 
1&2 
9 
17 
26 
, 
376 .00401 
.00618 
.00543 -92 . $3 
1 3 - .00387 . - 329* 
1 
2 
1&2 
1 
27 
28 
401 .00183 
.00165 
.00165 .33 406 
Lunar Night 6 
1 
2 
1&2 
1 
1 3  
18  
3 1  
1 5  
. 
368 
155 
.00144 
.00149 
.00147 
.00501 
! 
-46  
1 .0  
326 
-
. 	of tests. This suspic ion  was f u r t h e r  confirmed by t h e  measured decrease 
i n  t h e  s o l a r  i n t e n s i t y  of t h e  beam a t  t h e  end of t h e  t e s t  program (see 
d iscuss ion  under Sec t ion  IV-B-3, Resul t s  of Ca l ib ra t ion ) .  
. 
I n  addition,.  Table 4 inc ludes  t h e  c a n i s t e r  equi l ibr ium temperatures 

measured during t h e  " i n i t i a l "  t e s t  program (during t h e  per iod  Jkne 30 

through. Ju ly  $1, 1970). 

2. Op t i ca l  Tes t s  
The optical.measurements da ta  made with t h e  t e s t  r e t r o - r e f l e c t o r ,  

t h e  r e fe rence  r e t r o - r e f l e c t o r ,  and t h e  o p t i c a l  f l a t  were reduced accord- 

.ing t o  t h e  following. procedures: 

-	 A l l  d a t a  were cor rec ted  f o r  minute-to-minute v a r i a t i o n s  
'in t h e  l a s e r  output  (approximately 23% maximum) by 

d iv id ing  a l l  measurements by t h e  l a s e r  output  ( a s  

measured by t h e  s o l a r  c e l l ) .  

-	 A l l  d a t a  were cor rec ted  f o r  poss ib l e  long-period d r i f t s  

i n  t h e  photomul t ip l ie r  and ampl i f i e r  system by d iv id ing  

a l l  measurements by t h e  measured t o t a l  energy from t h e  

test f l a t  (Ti?). O f  pa rz i cu ia r  i n t e r e s r  r o  t h e  program 

a r e  va lues  of c e n t r a l  i r r a d i a n c e  of t h e  t e s t  r e t r o -  

r e f l e c t o r  cor rec ted  £0; poss ib l e  photomul t ip l ie r  d r i f t  

(CTC/TF). S u f f i c i e n t  va lues  of CTC/TF h e r e  obtained a t  

each equilibrium-temperature opera t ing  cond i t ion  t o  

perform s t a t i s t i c a l  analyses f o r  each s e t  of da ta .  Ne 

ca lcu la t ed  t h e  a r i t h m e t i c  mean and the  probable e r r o r  

of t h e  a r i t h m e t i c  mean f o r  t h e  CTC/TF f o r  each s e t  of  

da t a .  

Table 4 a l s o  inc ludes  a summary of  t h e  mean va lue  and t h e  probable 

e r r o r  of t h e  mean va lue  f o r  t h e  c e n t r a l  i r r a d i a n c e  of t h e  t e s t  r e t r o -  

r e f l e c t o r  f o r  var ious  opera t ing  condit ions (CTC/TF). 

.Of p a k c u l a r  i n t e r e s t  t o  t h i s  program is t h e  r a t i o  of t h e  c e n t r a l  

i r r ad iance  when thermally .perturbed t o  t h e  c e n t r a l  i r r a d i a n c e  i n  t h e  un- 

perturbed (room temperature) condi t ion  expressed a s  fol lows:  

ArthurDL.i(tle.Inc. 
' 
'room temperature 
I
The r e l a t i v e  c e n t r a l  i r r ad i ance  r a t i o  and i t s  probable e r r o r  a r e  a l s o  
summarized i n  Table 4. 
3 .  D i f f r a c t i on  Patterns--Normal Laser  Po l a r i z a t i on  
The d i f f r a c t i o n  p a t t e r n  from t h e  r e fe rence  t e s t  f l a t  i s  s1101n-i i n  
Figure.9.  A t  t h e  conclusion of each equil ibr ium z e s t  condi t ion ,  representa-  
t i v e  photographs were made of  t h e  d i f f r a c t i o n  p a t t e r n  from t h e  t e s t  r e t r o -  
r e f l e c t o r .  Photographs of t h e  t e s t  r e t r o - r e f l e c t o r  d i f f r a c t i o n  p a t t e r n  
with normal l a s e r  po l a r i z a t i on  a r e  shown i n  Figure 1 0  f o r  room temperature, 
l una r  n i gh t ,  and f o r  s o l a r  angles  of -10, -30, and -60 degrees.  The 
c e n t r a l  p a t t e r n  of t h e  d i f f r a c t i o n  p a t t e r n  f o r  s o l a r  angles  of -30 and 
-60 degrees is too  break t o  be seen i n  a  photograph, which i nd i c a t e s  t h a t  
, . 
t h e r e  is a low c e n t r a l  i r r ad iance .  This  is indeed what was found when 
measurements were made of c e n t r a l  i r r ad i ance  f o r  t h e s e  two s o l a r  beam 
angles . / 
4. Po l a r i z a t i on  Measurements 1 
Near t h e  end of t h e  program, a l a s e r  po l a r i z e r  was obtained and 
po l a r i z a t i on  measurements were made a t  s o l a r  angles  of -10, -30, and 
-60 degrees a t  room temperature. I n  add i t ion ,  d i agnos t i c  po l a r i z a t i on  
measurements were made on t h e  re ference  f l a t .  The r e s u l t s  of these  
. . 
po l a r i z a t i on  measurements a r e  summarized i n  Table 5. The da t a  of Table 
5 inc lude  a  measurement of t h e  c e n t r a l  i r r ad i ance  wi th  the  beam po la r i ze r  
r o t a t ed  f o r  maximum s i g n a l  ( I ,  ) and f o r  minimum s i g n a l  (Imin), t h e  
max 
corresponding beam po l a r i z a t i on  ang le  (8) referenced t o  t h e  v e r t i c a l ,  
t h e  mean va l ue  (I ) between maximum and minimum c en t r a l  i r r ad i ance  
mean 
(cor rec ted  f o r  po l a r i z a t i on  e f f e c t s  w i th in  t h e  o p t i c a l  measurement 
system),  t h e  r e l a t i v e  mean c e n t r a l  i r r ad i ance  ( I I I o ) ,  and t h e  probable 
e r r o r s  of measured and derived va lues  (E). 
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FIGURE 9 DIFFRACTION PATTERN FOR THE REFERENCE FLAT 
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TABLE 5 
S W Y  OF POLARIZATION DATA--TEST SERIES 2 
Probable Probable , Probable ("mean , E r r o rNo. of Error  ' 	 Erro r  
m
Measure- E 	 ( I o )  EI 	 (1/10)
mean meanments -Imax (Imax) , 	 -
Room 
Temperature 
Reference 
F l a t  
For Retro-Reflector Imax --	 (CTC)polar ized a t  0 

(TF)normal p o l a r i z a t i o n  

min 
-For Reference F l a t  Imax,	 (CF)polar ized  a t  0 

(TF)normal p o l a r i z a t i o n  

min , 
Retro-Reflector 
' I 	 + (Imin)
mean 
F l a t  Polar ized  
The d i f f r a c t i o n  p a t t e r n s  f o r  both  maximum and minimum angles  were 
photographed with. and without  a  po l a r i z e r .  Representat ive photographs 
of  t h e  test r e t r o - r e f l e c t o r  f o r  room temperature a r e  shown i n  Figure 11. 
I j i th  no po l a r i z e r ,  t h e  cent+ i r r ad iance  i n  t h e  p a t t e r n  is wealc. For 
maximum po l a r i z a t i on  angles  t h e  c e n t r a l  i r r ad i ance  i n  t h e  photograph is 
much more in t ense ,  and f o r  t h e  minimum po l a r i z a t i on  angle  t h e  p a t t e r n  is 
l e s s  i n t en s e  than wi th  no po l a r i z a t i on .  
Representa t ive  photographs f o r  t h e  t e s t  r e t r o - r e f l e c t o r  when thermal1 
perturbed (sun angle  -30 degrees) a r e  shown i n  F igure  12. When t h e  
po l a r i z a t i on , o f  t h e  l a s e r  beam was adjus ted  f o r  maximum c en t r a l  i r r ad i ance ,  
-	 t h e  c e n t r a l  p a t t e r n  became i n t en s e  a s  t h e  photograph shor~s .  When the  
po l a r i z a t i on  o f  t h e  laser .  beam was adjus ted  f o r  minimum c e n t r a l  i r r ad i ance ,  
t h e  c e n t r a l  p a t t e r n  became too weak t o  be  seen i n  t h e  photograph. 
A t  t h e  conclusion of t h e  thermal /opt ica l  t e s t i n g ,  we performed 
d iagnos t i c  measurements on t h e  o p t i c a l  f l a t .  Values of c e n t r a l  i r r ad iance  
wi th  t h e  po l a r i z e r  r o t a t ed  f o r  maximum and minimum po l a r i z a t i on  were 
measured f o r  t h e  r e fe rence  f l a t .  These va lues  a r e  summarized i n  Table 
1 .5 .  The r a t i o  of c e n t r a l  i r r ad i ancc  f c r  rn~xirnc? end minimug pn l a r j z a t i on  
f o r  t h e  f l a t  i s  2.06. We be l i eve  t h a t  t h i s  po l a r i z a t i on  e f f e c t  i s  not  
generated a t  t h e  re ference  f I a t ,  b u t  is generated by de f l e c t i ng  t h e  
d i f f r a c t i o n  pa t t e r n  from t h e  co l l imator  beam-spl i t ter  and t h e  truo.externa1 
mi r ro r s  i n  t h e  o p t i c a l  train. 
5 .  -S ign i f i cance  of Po l a r i z a t i on  Measurements 
A l a r g e  s i nu so ida l  dependence of t h e  po l a r i z a t i on  angle  had been 
(7)an t i c i p a t ed ,  p a r t i c u l a r l y  when a  r e t r o - r e f l e c t o r  was thermally 
A s  i nd ica t ed  by t h e  ana lys i s ,  t h e  s i nu so ida l  dependence on t h e  polar iza-  
t i o n  angle is mainly f i r s t  order  i n  t h e  thermal pe r tu rba t ion .  The 
c e n t r a l  i r r ad i ance  maximizes a t  d i f f e r e n t  po l a r i z a t i on  angles  f o r .  
d i f f e r e n t  r e t r o - r e f l e c t o r s .  Thus, f o r  an  ar ray  wi th  a  l a r g e  number of  
r e t r o - r e f l e c t o r s ,  t h e  o v e r a l l  o p t i c a l  r e t u r n  i s  proper ly  represented by 
t h e  average of t h e  maximum and minimum re tu rns  corresponding t o  t h e  maxi- 
mum and minimum po l a r i z a t i on  va lues .  
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FIGURE 11 	 DIFFRACTION PATTERNS FOR THE RETRO-REFLECTOR 
AT ROOM TEMPERATURE CONDITIONS 
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D. COMPARISON WITH ANALYTICAT- DATA 
The thermal /opt ica l  ana lys i s  performed.for t h e  test conf igura t ion  

i s  s i m i l a r  'to t h a t  used f o r  t h e  thermal design of t h e  Apollo 11and 

\ 
Apollo 14  f l i g h t  a r rays .  Simulated s o l a r  h e a t  i npu t s  t o  t h e  s t r u c t u r e ,  
r e t a i n e r  r i n g ,  and va r ious  zones of t h e  r e t r o - r e f l e c t o r  were determined 
from t h e  inc iden t  f l u x ,  t h e  shadow p a t t e r n  c a s t  by t h e  a p e r t u r e  of t h e  
r e t a i n e r  r i n g  on t h e  r e t r o - r e f l e c t o r  f r o n t  su r face ,  and t h e  r e f l e c t i n g  
p r o p e r t i e s  of t h e  var ious  sur faces .  So la r  energy d i r e c t l y  inc iden t  on . 
t h e  r e t r o - r e f l e c t o r  f a c e  was considered t o  undergo t o t a l  i n t e r n a l  r e f l e c -  
. 	t i o n  i f  t h e  angle of t h e  incidence were l e s s  than  16 degrees.  A t  l a r g e r  
ang les ,  t h e  energy was considered p a r t i a l l y  t ransmi t ted  through t h e  back 
su r face  where it could be p a r t i a l l y  absorbed by the  aluminum cav i ty .  
D i s t r i b u t i o n  of absorbed energy from d i f f u s e l y  r e f l e c t e d  energy was 
determined using a r a d i a t i o n  network. 
- P r i o r  t o  i n s t a l l i n g  t h e  t e s t  assembly, t h e  i n t e n s i t y  of simulated 
s o l a r  energy inc iden t  over  t h e  a r e a  occupied by the  f r o n t  s u r f a c e  of t h e  
t e s t  assembly was measured using a thermopile. From these  measurements 
2
t h e  average s o l a r  i n t e n s i t y  va lues  used i n  t h e  ana lys is 'were  0.140 N/cm 
2
over t h e  a r e a  of t h e  r e t a i n e r  r i n g  ape r tu re  and 0.115 W/cm over t h e  re -  
maining su r face  a r e a  of t h e  aluminum s t r u c t u r e .  
Surface absorptance va lues  for. t h e  simulated s o l a r  f l u x  were de ter -  
mined experimentally i n  t h e  June t e s t  s e r i e s  and a r e  summarized i n  Table 
3 .  Mount conductance and r e t a i n e r  r ing - s t ruc tu re  conductance va lues  
used \.rere those  e s t ab l i shed  experimental ly during t h e  develop- 
ment program f o r  t h e  Apollo 11 r e t r o - r e f l e c t o r  a r r a y .  The p resen t  re- 
t a i n e r  r i n g  conf igura t ion  has a 6-degree t a p e r  which is d i f f e r e n t  from 
t h a t  used i n  Apollo 11ar ray .  Thus, i h e  conductance va lues  used i n  t h e  
present  ana lys i s  might be  expected t o  be s l i g h t l y  d i f f e r e n t .  Addi t ional ly ,  
t h e  fused s i l i c a  r e t r o - r e f l e c t o r  r e s t s  on i t s  s i d e  i n  t h e  present  t e s t .  
arrangement where& t h e  r e t r o - r e f l e c t o r  r e s t e d  with i ts  weight equal ly 
. 	 . 
d i s t r i b u t e d  over t h e  t h r e e  tabs  i n  t h e  Apollo 11experimental s t u d i e s  on 
the  conductance of t h e  mounts. 
Arthur DL.ittle.lnc 
Pred ic t ions  were made of t h e  l o c a l  temperature d i s t r i b u t i o n s  wi th in  
t h e  r e t r o - r e f l e c t o r  f o r  each of t h e  t e s t  condit ions covered i n  t h e  present  
s e r i e s  of experiments.  These temperature d i s t r i b u t i o n s  were used a s  in-. 
pu t  t o  an o p t i c a l  ray- t race  program t o  p red ic t  t h e  phase d i s t r i b u t i o n  of 
I 
t h e  l a s e r  energy leaving  t h e  r e t r o - r e f l e c t o r .  The computed phase d i s t r i -  
bu t ions  were then  used t o  p r ed i c t  t h e  r e s u l t a n t  f a r - f i e l d  d i f f r a c t i o n  
pa t t e r n ,  inc luding  t h e  c e n t r a l  i r r ad i ance  of t h e  r e f l e c t e d  energy. The 
method of o p t i c a l  ana lys i s  i s  discussed i n  more d e t a i l  i n  References 8 
and 9. 
- Table 6 p resen t s  a comparison between p red ic t ed  and measured 
temperatures f o r  t h e  c a n i s t e r  and r e t a i n e r  r i n g  f o r  t e s t  S e r i e s  1 and 2. 
Table 6 a l s o  p resen t s  predic ted  va lues  of r e t r o - r e f l e c t o r  temperature. 
For t h e  -10 and -60 degree sun  angle  condit ion t h e  measured temperatures 
of c a n i s t e r  and r i ng ' a r e  appreciably higher  than the  p red ic t ed  va lues  
whereas a t  -30 degrees,  the  agreement is qu i t e  good. Following the  June 
s o l a r  o p t i c a l  experiments,  ( lo) ,  i n  which c a n i s t e r ,  bu t  not  r e t a i n i ng  r i ng ,  
temperature :<as measured, i t  was pos tu l a t ed  t h a t  t h e  high va lues  of 
c a n i s t e r  temperature,measured could be p a r t i a l l y  accounted f o r  by a lowI 
conductance between t h e  cawis ter  an2 t h e  re ta iner - r ing .  This  low condiict- 
i
ance would b e  manifested by a l a r ge  tkmperature d i f f e rence  between t h e  
r ing  and the  aluminum s t r u c t u r e .  Measurements of r e t a ine r - r ing  tempera-
t u r e  i n  t h e  two t e s t s  (Se r i e s  1 and 2) conducted i n  September, revealed 
t h a t  temperature d i f f e rences  between r i n g  and c an i s t e r  were, i n  f a c t ,  . 
higher  than p red ic t ed  a t  -10 and -60 degrees.  However, a t  -30 degrees 
t h e  measured temperature d i f f e rences  a r e  l e s s  than p;edicted. Therefore,  
t h e  da ta  do not  cons i s t en t ly  i nd i c a t e  a low mount conductance. 
The exac t  va lue  of  t h e  r ing-cavi ty conductance cannot be determined 
from t he  present  t e s t  da t a .  However, i t  is i n t e r e s t i n g  t o  no te  t h a t  t h e  
conductance va lue  showed evidence of increas ing  wi th  time during the  
t e s t s .  From Table .:6, t h e  temperature d i f f e r e n c e  betwein t h e  c av i t y  and 
r ing  was cons i s t en t ly  smal le r  i n  t h e  second s e r i e s  ( t e s t s  7 t o  9) than 
in  t h e  f i r s t  s e r i e s  ( t e s t s  3 t o  5 ) .  
TABLE 6 .  
COMPARISON BETWEEN ANALYTICALLY PREDICTED ANL 
EXPERIMENTALLY MEASURED TEMPERAT;TRES ("I<) 
A~~ALYSIS .. EXPERIMENT -,. 
( C a n i s t e r  R e t r o - ( ~ a n i s t ,  
S u n  A n g l e  T e s t  /i C a n i s t e r  Ring R i n g )  R e f  lector  
. . 

T e s t  S e r i e s  1 . 

-10 	 5 
C 
VI 	 -30 3 
-60 4 
T e s t  S e r i e s  2 

-10 8 

-30 7 

-60 9 

, 
The experimental da t a  were analyzed i n  s eve r a l  trays t o  e s t a b l i s h  
t h e  reason f o r  t h e  d i f f e rences  between measured and predic ted  c a n i s t e r  
temperatures.  These da ta  analyses were aimed ar: determining va lues  of 
conductance and t o t a l  absorbed energy which, when u t i l i z e d  i n  t h e  ana l y s i s ,  
were cons-istent wi th  t h e  measured temperatures.  I n  genera l ,  i t  was found 
t h a t  wi th  reasonable conductance va lues  t h e  measured temperatures could 
be p red ic t ed  f o r  t h e  -30 degree sun angle  case ,  b u t t h a t  the  r e s u l t s  0.b- 
t a ined  f o r  t h e  -10 and -60 degree could he  explained only  on the  b a s i s  
of l a r g e r  absorbed energy than predic ted .  I n  p a r t i c u l a r ,  f o r  t h e  -10 
degree inc idence ,angle ,  t h e  l a r g e  absorbed energy suggested t h a t  a 
s i gn5 f i c an t  po r t i on  (about 50%) of t h e  inc iden t  s o l a r  energy was t rans-
. 	 mit t ed  through t h e  r e t r o - r e f l e c t o r  t o  be  p a r t i a l l y  absorbed by t h e  
c an i s t e r .  Since a -10 degree incidence angle is we l l  below t h e  l i m i t  
e s t ab l i shed  f o r  r e t r o - r e f l e c t i on  of i n c i d en t  energy, i t  was expected t h a t  
-
l e s s  s o l a r  energy would be absorbed by t h e  t e s t  assembly a t  t h i s  angle .  
To r e so lve  t h e  source of t h e  l a r g e  absorpt ion  of  i nc iden t  s o l a r  energy, 
f u r t h e r  experimental  s t ud i e s  would be requi red .  These would inc lude  
measurement of t h e  r e t r o - r e f l e c t o r  temperature and measwement of 
i n t e r n a l  thermal f l u x  i n  t h e  c an i s t e r  of t h e  t e s t  assembly. 
A comparison between predic ted  va lues  of r e l a t i v e  c e n t r a l  i r r ad iance  
and measured normally po la r i zed  va lues  is shown i n  Table 4.. I n  genera l ,  
t h e  agreement i s  q u i t e  good. 
aThe-trend of t h e  measured c e n t r a l  i r r ad i ance  wi th . inc iden t  s o l a r  
angle  follows t h a t  p red ic t ed  by t h e  ana lys i s .  .At  near  normal angles  of 
.incidence where t h e  s o l a r  energy i s  not  expected t o  b e  t ransmi t ted  t o  
t h e  absorbing c an i s t e r  and where t h e  temperature g rad ien t s  w i th in  the  
r e t r o - r e f l e c t o r  a r e  expected t o  be smal l ,  t h e  o p t i c a l  r e t u r n  i s  h ighes t .  
On t h e  o the r  hand, a t  l a r g e r  sun angles  where s i g n i f i c a n t  po r t ions  of 
t h e  inc iden t  s o l a r  energy a r e  t ransmi t ted  through the  t e s t  r e t r o - r e f l e c t o r  
and where r e t r o - r e f l e c t o r  thermal g rad ien t s  a r e  expected t o  be  high,  t h e  
p r e d i c t e d  and measured r e l a t i v e  c e n t r a l  i r r ad iance  va lues  a r e  r e l a t i v e l y  
low. 
The difference between analyt ical ly  predicted and measured r e l a t i ve  
central  irradiance is l e s s  than 30%except f o r  the -60 degree sun angle 
case, ruhere the measured r e l a t i ve  cen t ra l  irradiance i s  about half tha t  
analyt ical ly  predicted. The agreement i s  ra ther  surprising,  since the 
I 
analysis,  i n  i t s  present fork, does not incorporate polarization effects .  
Table 5 presents r e l a t i ve  central  irradiance data obtained with the 
polarization ro ta tor  ins ta l led .  I n ' t h i s  case the r e l a t i ve  cen t ra l  
irradiances a r e  based on the arithmetic averages of the m a x im um  and 
minimur? in t ens i t i e s  obtained as the  polarizer i s  rotated. These r e su l t s  
give consistently higher values than  the normal polarization measurements 
and the .analysis. A t  sun angles. of -30 degrees and -60 degrees, the 
minimum-maximum polarization re la t ive  cen t ra l  irradiances a r e  about twice 
those analyt ical ly  predicted. 
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C. 0.Alley, i? L. Bender, R. F. Cl~ang, D. G. Currie, R. H. Dicke, J. E. Faller, 
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Concept of the ~ x ~ e r i m e n t  
The compact array of high-precision optical 
retroreflectors (cube corners) deployed on the 
Moon is intended to serve as a reference point in 
measuring precise ranges betwen the array and 
points on the Earth b'y using the technique of 
short-pulse laser ranging. The atmospheric f lue 
tuations in the index of refraction prevent a laser 
beam irom being smaller than approximately 1 
mile in  diameter a t  the Moon. The curvature of 
the lunar surface results in one side of the short 
.-..I.-I,,,~G bdng  re9ected before the other ride, pro- 
ducing a reflected pulse measured in micro-
seconds, even if the incident pulse is measured in 
. naposeconds. The retroreflector array eliminates 
this spreading because of the small size of the 
array. (The maximum spreading of a pulse be- 
cause of optical libration tipping of the array will 
be  approximately 20.125 nsec.) In addition, the 
retroreflective property causes a much larger 
amount of light to be  directedback to the tele- 
scope from the array .than is reflected from the 
entire surface area illuminated by the laser 
beam. 
The basic uncertainty in measuring the ap- 
proximately 2.5-sec round-trip travel time is as- 
sociated with the performance of photomulti-
pliers at the single photoelectron level. This 
uncertainty is estima.ted to be approbimately 
1nsec. When the entire system is calibrated and 
the effects of the atmospheric delay are calcu- 
lated from local temperature, pressure, and 
humidity measurements and siibt~acted from the 
travel time, \vhcre the uncertainty in this cor-
rection is cstilnated lo be lcss than ,0.5 nsec, an 
overall uncertainty of 215 cm in one-way range 
seems achievable. 
With the 215-cm uncertainty, monitoring the 
changes in point-to-point distances from Earth 
to the lunar reflector (by daily observations for 
many years) will produce new information on 
the dynamics of the Earth-Moon system. The 
present uncertainty of three parts in lo7 in the 
knowledge of the velocity of light will not affect 
the .scientSc aims of the experiment, since it 
is the practice to measure astronomical distances 
in light travel time. Primary scientific objec- 
t i e s  inc!ude the study .ol grzi:i:a:ioi~ and re!--
tivity (secular variation in the gravitational con- 
stant), the physics of the Earth (fluctuation in 
rotation rate, motion of the pole, large-scale 
crustal motions), and the physics of the Moon 
(physical librations, center-of-mass motion, size 
and shape). Some of these objectives are dis- 
cussed in references 7-1 to 7 4 .  Estimates made 
by P. L. Bender of improvements expected in 
some of these categories are sho\vn in tables 7-1 
to 7-111. 
Properties of the Laser Ranging Retrorefiector 
Although the Laser Ranging Retroreflector 
(LRRR) is simple in -concept, ihe detailed de- 
sign of a device that would satisfy the stated 
scientific aims has received much attention. The 
primary design problcm has been to avoid sys- 
tematic gaps in ranging data expected to result 
from the extreme variation in thermal condi- 
lions on the Moon (from full Sun illumi~lation 
to lunar night). A preliminary design based on 
discussions among various members of thc in- 
vestigator group and optical engineers \!,as put 
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TABLE7-1. L U M ~orbital data parainctcrs 
15-ni rongr O.ISQI rongs 
Quantity Present accrrrncy ~mecnoi t~ty  ~ncermrnr~.' (.p~loxilll.rcJ 
A~curory Tm,e, ),r Aco8racy Tinlc. ).r 
Mcan distancc 500m 250m 1 75m 0.5 
25m 1 
Eccentricity I 1x10-' 4 ~ 1 0 - ~  1 1.5~10-' .5 
4&10-' 1 
Angular position of hfoon with respect to perigee 2 ~ 1 0 - ~  1.5~10-' 
Angular posilion of hloon with respect to Sun ; 5 x 0  ::::I' 1.5~10-'1  I I I 
4 ~ 1 0 - ~  1 
Time necessary to check predictions of Brans-Dicke 
scalar-tensor gmvitational theory, yr - 25 25 8 8 
. 'Tluee observing stations are assumed for periods longer than 0.5 yr. 
TABLE7-11. Lunar libration and relotion of Lascr Ranging Retroreflector (LRRR) to center of mass 
15-rn range 0.15.sr range 
Q~tantity Prerenr occr,rocy uncerrainry ~n,cer,minr)=(opproritnote) 
Accrzrocy Time. yr Aecumcy T~mr,yr
-
Libration parameters: 
,e = (c-A)/B 1 ~ 1 0 - ~  3x10-' 4 3x10-' 0.5 
3x10-a 4 
7 = (B-A)/C 5x10-' 2x10-a 1.5 1 . 5 ~ 1 0 - ~  .5 
Coordinates of LRRR with respect to ZXIO-' 1.5 
eenter of mass: 
XI 500m 250m 1 75m .5 
25m I 
X, 200 m 70m 1 40 m .5 
7 m  1I -Xz -200rn 50m 3 50m .5 
5 m  3 
'Three observing stations are assumed for periods longer than 0.5 yr. 
. . 
TABLE7-111. Geophysical data determinable from LRRR 
Present accsmcy 15-tn rang6 0 15-m rnngeQ#rannly (eslrmorrd) unccrloanry uncerinrnry 
Rotation period of Earth, sec 5 ~ 1 0 - ~. 10x10-~ 1x10-" 
Dislance of station from axis of rotation, m 10 3 0.3 
Distance 01station from equatorial plane,. m 20 6 to 20b 0.6 to Zb 
Motion of the pole,' m 1 t o 2  1.5 0.15 
East-west continental drift rate observable in 5yr,' cm/yr 30 to GO 30 3 
Tune for observing predicted 10-cm/yr drift of Hawaii 
toward Japan," 1.1 15to 30 15 1.5 
Three or more obsenzing stahons are required. 
, 

bDepending upon the latitude of the stntlon. 

forth by J. E. Faller in a proposal to NASA (ref, hon>ogeneous fused silica. The test and evaluation 
7-5). facilities at the NASA Goddard Space Flight Cen- 
The first financial support provided by NASA ter were used to simulate the lunar environment. 
was used to test the proposed design, which con- These tests verified that a metal coating could not 
sisled of s~nalI solid-corner reflectors made of be uscd on the reflectors and showed that the 
:; 
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failure o£ total internal reflection a t  off-axis The tests verified the predicted perlormance dur- 
angles posed serious.prob1ems in mounting the ing lunar night and during direct Sun illumina- 
reflectors to maintain small temperature gradi- tion \vithin the total internal reflection region of 
ents during larger off-axis Sun angles (ref. 7-6). angles. 
The efforts of tlie~mal and mechanical design 
,Aluminum retainer rlng 	 engineers in close association with ,members of 
the investigator group solved the problems and 
led to the design showvn in Ggure 7-1. The corner 
reflectors are lightly mounted on tapered tabs 
between Teflon rings, and are recessed by one- 
-,,Upper Teflon half their diameter into cylindlical cavities in a 
.-.---mounting ring solid alunlinum block. The predicted optical per- 
formance, based on thermal analyses under chang- 
- - -- - - - -Fused silica ing lunar conditions, is shown in figure 7-2.
retrorellector 
The need for careful pointing of the LRRR 
.-. toward the center of the Earth libration pattern 
'-.. is shown by figure 7-3, which displays the off- 
'Lower Tellon axis response of 'the recessed corner reflectors.mounting rinq (The curve is the result of averaging over azi- 
muthal orientation and polarization dependence.) 
The motion of the Earth in the lunar sky because 
of the optical librations of the bfoon is shown in 
Inside surface of cavlty8 figure 7-4 for the period July to October 1969. 
FIGURE Comer reflector mounling. The alinement in the east-west direction7-1. -

-

-
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F~cu~ur7-2.-Predicted optical perfomancc as a function of Sun angle, from thcm31 
analysis. 
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FIG^ 7-4. -0pticnl librations for the period July to 
October 1969. 
achieved by Astronaut Neil A. Armstrong was 
.within the width ol a division on the compass 
mark. The leveling was within 0.5', with the 
bubble oricntcd .to\vard the soutliwvcst. When 
combincd with the \vorrt possible mechanicni 
tolerances of construction, the east-west alinc-
menk is fO.YO, and the ~vcrnll pointing is 
within loof the center of the libration pntteln. 
This excellent pointing nieans that the return 
will not fall to cxtremely low values during the 
extrcmcs of the libration cyclc. 15'ith the previous 
info~mation included, the relative expected rc- 
sponsc from July 20 to September 9, 196% is 
shown in figure 7-5. Figure 7-5 is an upper 
bound for the performance cxpectcd. 
The flight hardware is shown in figure 7-6. 
The gnomon, the alinemcnt marks, and the bub- 
ble level are clearly shown. In figure. 7-7, the 
LRRR is sho\vn deployed on the Moon. 
In tests, each corner reflector which was sc- 
lecled for the flight array exhibited an on-asis 
diffraction performance greater than 90 percent 
of that possible for a.cosiner reflector having no 
geometrical or liomogeneiiy defects. The on-axis, 
nondistorted performance is conveniently char- 
acterized by a differential scattering cross section. 
= SXlO" cm2/iteradian 
,soo 
which yields the number by which the photon 
flux density (photons per square centimeter) 
incident on the reflector array must be multi- 
-	 plied to give the number of photons per steradian 
intercepted by the telescope receiver. The cross 
section inciudes t!le effect of velocity aberration 
and is evaluated for a wavelength of 6943 :I. 
Observations of returns on August 1 and 3, 
1969 (immediately before lunar sunset), and on 
"c 	
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F'XWRE 7-14.-Optical path ldrdre McDonald ObwvatoIy 107-in.telercope. 
d&ty generator was set for each shot by using 
the LE I6 ephemeris. (Sm the section of this 
repork entitled T h e  Lunar Epheinerisl B@c- 
tiom and Preliminary ResultsP) 
Following the pulse produced by the TDG, 
the output pulses from the $otomultiplier twre 
charmeld sequmtialty into l2 binary scalers, 
Each scaler channel had a d\ve11 time that was 
&ustable from 025 to 4 c e c  (ref, 7-8). The 
muting of the pulses to the scalers was such that 
a pulse ,wiving within 0.1 c e c  of the end of a 
channel would also add a count to the following 
cknnel. The scalers then contained a quantized 
summary of the detector output fat a short time 
internal centered on the expected arrival time 
of the reflected signal. After each scaler cyding 
following a laser firing, a smfl online computer 
read the cantents and reset the scalers. The com- 
pnter stored the accumulated m n t  for each of 
the scalers and pmvided a printed Output and 
a cathode-ray-tnbe display of the data. 
Scatterd sunlight from the lunar surface pro-
duced a random background that slowvly filled 
the 12 timc cl~anncls. Because the return from 
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the rctrorcflector occurred with a predcteinlined 
delay, the clianncl that correspondecl in time to 
the arrival of the signal accumulalcd data at a 
faster rate than the other 12 channels. Figure 
7-15 illustrates tliis point by showing the way in 
which the data actually accumulated during run 
18. Following acquisition on the night of August 
. 1, 1969, 1G9 shots \irere fired. Range gate errors 
occurred on 27 shots, and 22 sliots were fired 
witli the telescope pointed away from the re-
flector. For the remaining 1% shots, approxi- 
mately 100 above-background counts were re-
ceived. These results represent a return expccta- 
tion in excess of 80 percent and show that all 
parts of the experiment operated satisfactorily. 
Assuming a Poisson. distribution of tlie recorded 
photoelectrons, the returns correspond to an 
5 shots 
,plotted in figure 7-16 because errors in setting 
10 shots 
& 
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-
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Ahead --t--
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F~cvnrr7-15.- Ilistogmm sllowing the growth of tlle 
retroreDectcd sigl~nlin channel 6. . 
avcrage of 1.6 detectable photoelectrons per 
shot. This number is a lo~i,er limit to the liue 
average because ii~terfcrcnce cffccts and guiding 
errors probably reduced the numbcr of returns 
that were recorded. The streugth of tliis signal 
and the lack of ''spill" into adjacent chat~ncls 
clearly show that the signal did not come from 
the 'iiatural" lunar surlace, froin which the 
return \vould be distributed over approsimateIy 
8 pec.  The timing of the trigger fiom the TDG 
relative to Mulholland's eplienieris was changed 
three times, and the' channel widths were de- 
creased from 2 to 1psec and then to 0.5 psec. 
Aftcr each change, the signal appeared in the 
appropriate channel. The data from runs 10 to 
21, the interval from tlie first acquisition to the 
close of operation, are sho~vn in table 7-IV. 
Nine runs containing 162 shots were made before 
acquisition. ' 
Figure 7-16 shows a plot of the data taken 
from table 7-IV. Runs 12 and 14 have not been 
the TDG invalidated the timing. During run 19, 
tlie telescope was not pointed at the reflector, 
and no returns were seen. Because of a fortuitous 
splitting of the return between two channels on 
two runs, an effective timing precision of 0.1 
jscc rvas achieved. T h i ~  precision is cquivaient 
to a range error of approximately 15m. In figure 
7-16 an apparent drift in the time the returns 
were detected, relative to Mulholland's predic- 
tions, is shown. The drift was caused by the 120- 
in. telescope being located approximately 524 m 
east of the locations given lor the Lick Observa- 
tory in the American Ephemeris and Nautical 
Almanac. A culve showing tliis correction to the 
original ephemeris is given in figure 7-16. Trans- 
lation of this curve along the ordinate is allow- 
able, and the amount of time gives the difference 
between tlie observed range and the predicted 
range. When the corrcct coordinates are used, 
the observations agree witli the predicted cunre. 
Sysfem B 
The primary function of acquisition system B 
l 1 1,1
T
1 I 
1 2 
Beh~nd 
1 ~ O
ime relative to predicled ti
I 
3 
~
me, psec 
l 
I 
4 
1
J 
5 
'
Channel number 
at the Lick Observatoiy was to locate the de- 
phoycd LRRR in mnge and position. System B 
was not intended to satisfy the long-tcnn objec- 
tives of the lunar,ranging experiment; however, 
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T q7-IV. Log of obseroatiot~ data sl~owing acquisition 
With respect to ephemeris predictions. 
bChannel in which return-was expected. 
=Range-gate erron invalidated data. 
Data from three shots with erroneous range gates deleted from tabulation. 
'Telescope pointed 16 km south of reflector. 
'Thin clouds noted near hloon. 
System B was designed to be a sensitive, mod- 
erately precise, semiautomatic, high-repetition 
rate system using existing off-the-shelf equipment 
wl~erever possible. 
System B was composed of several essedtially 
independent subsystems. These subsystems' were 
the laser-transmitter/power-supplyassembly, the 
receiver-detector ranging system, the range gate 
generator and data control and recorder system, 
and the time standard system. 
The laser transmitter uses oscillator and ampli- 
fier heads employing a conventional rotating-
prism, bleacliable-absorber, "Q-switch" mecha-
nism. Tlie oscillator and amplifier heads are iden- 
tical and use 110-mm-long, 15-mm-diameter 
Brewster-Brewster rubies. An existing laser sys- 
tem that was modified for this program was 
capable of operation at 10 J a t  3-sec inteivals 
with a pulse width of 60 to SO nsec. 
For operation at the Lick Obseivatoiy, modi- 
fication of the laser system required the incor- 
poration of all normal transmit-receive ranging 
functions and of a b~resigbt'capabilit~ onto the 
laser case. An optical-mechanical assembly (Gg. 
7-17) was desjgned to be attached to the laser 
case. The exiting laser beam passcd t11:ough a 
beam splitter, wliicli was oriented at Brcwstcis 
angle for minimum reflection of horizontally 
polarized light. The small fraction of light scat- 
tered or reflected from the beam splitter mas 
detected by an FW 114.4 biplanar pbotodiode. 
The output of the photodiode was used for the 
range measurement initiation pulse and for 
monitoring the operation of the iaser. The Learn 
splitter was also used to couple a vertically 
polarized helium-neon laser beam along the same 
axis as the ruby beam. A helium-neon laser was 
mounted parallel to the ruby laser, and the re- 
sultant beam was expanded by a small autocolli- 
mator and .then reflected by a mirror mounted 
parallel to the beam splitter. The reflected beam 
was then rereflected by the beam splitter along 
the laser axis. The laser produced an elliptical 
cross-section beam that was corrected and ex-
panded to 50 mm in diameter by the Brewster 
entrance prism telescope. The 50-mm esit beam 
was reflected at right angles onto a 50-mm-aper- 
ture F39 lens that was positioned at the appro- 
priate place \vith respect to the coud6 focus of 
the 1.20-in. telescope optical system. 
The returning energy follon~s essentially the 
same path as the transmitted energy. A flip mir- 
ror, actuated by a small solenoid, reflects the 
returning signal after the signal is passed through 
the correcting telescope to a field-limiting lens 
and aperture. Tile aperlure in the field-limiting 
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FIGUHE7-16. -Three-dimensional figure showing the 
time of the run (abscissa), the rnnge n~indow during 
which the e q u i pm~ t  was open for receiving data 
{=:2:2a!c), 1-6 thc nu-her of cmnts in each channel 
(width of the bar). It is clear tlnt in each run in 
which returns were expected they were secn in the 
correct channel. During run 19 (third from right-hand 
end), the telescope was pointed away from the re-
flector, and no returns were seen. 
. .  . 
system is sized for a 10-second-of-arc field of 
view in space. Light passing tllrough the aper- 
ture is collimated and passed through a 2.7-A 
bandpass filter. The light is divided into tulo 
equal beams by a dividing prism; then, the 
beams of light enter the enhancement prism on 
each of the t\vo p11otomultil)lieis. 
Two detectors (operating in coincidence) and 
a range gate were uscd to eliminate as much 
extraneous background noise as possiblc. Type 
56 TVP photomultipliers uscd enhancement 
prisms to allo\v multiplc lefiection of the en-
trance light lrom the pl~otocatl~ode. The o u t ~ u t  
of each pl~otomultiplicr tube was discriminated 
and shapcd \\,it11 an EGG T105/N dnal discrimi- 
nator. Bccal~se theoretical considcrations i~~dica te  
that only a fcw ~~l~otoclectrons occllr lor each 
transmitted pulse, the discriminator was used to 
stretch each detected pulse by the length of the 
tmnsmittcd pulse. A coincidence overlap equal 
to fhe trans~~litted pulse duration was necessary 
because, lacking discrimination, a pholoelectron 
from each photomultiplier tube could be related 
to any time \vithin the transmitted pulse dura- 
tion. The outputs of the discrin~inators were 
AND'ed in the EGG C103B/N coincidence 
module. 
T11e actual range measurement (fig. 7-18) was 
made with a 1-nsec time-interval counter. The 
time-interval counter mas started by the p110t0- 
diode output each time the Iaser transmitter 
operated. The discriminators and the stop chan- 
nel of tile time-interval unit were disabled by the 
range gate until the expected time of arrival of 
the reflected laser pulse. If both photomultiplier 
tubes detected a photoelectron \vithin the coin- 
cidence resolving time of the EGG C102B/N, the 
output would stop the time-interval unit. 
The photodiode signal was used in hvo other 
measurements. First, the signal was used to stop 
a 100-psec-resolution time-intcrval unit that \\,as 
started by the "ontime" timing signal from the 
real-time clock. This measurement determined 
the time, to the nearest 100 psec, of the rnnge 
measurement. The. pulse was also converted, 
monitoring the overall perloimance of the laser 
during the operation. 
System B was controlled and operated by a 
special digital logic assembly. This device (fig. 
7-19) generated laser fire signals and the range 
gate windo~v, sampled all measurement devices 
for infonation, and recorded the information. 
One of the most important aspects of the oper- 
ation is the generation of the range gate \vindow, 
based on knowledge of \vllere the retroreflectors 
should be. Furthe~more, because this information 
may not be  as accurate as required, it is neces- 
sary to cllange t11e information essentially in 
real time. The range gate \vindow was generated 
with an externally, as well as manually, pro-
gramed delay pulse generator. The programed 
input for the delay pulse generator \!,as obtained 
from a Iunar prediction diive tape containing . 
the expected round-trip time interval to the lunar 
suriaae for every 3 scc of tiine. A digital com- 
~ar i son  hetween tlie command time on the tape 
and real time was made to maintain t l ~ e  tape in 
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hem7-17. -Optical schematic of system B at Lick Observatory. 
synchronization ~v i th  real time. The range infor- 
-mation on tlie tape was then stored and trans- 
ferred to the delay pulse generator prior to each 
laser firing. The laser firing started tlie delay 
pulse generator; and after the predicted delay, 
a pulse initiated the range-gate-\\.indolvindov pulse 
generator. The mnge-gate-window length was 
variable and was used to enable the detector dis- 
criminators and the range time-interval unit at 
the time a return signal was expected. 
The measured data mere recorded with a 
inultiplesing data gate and standard line printer. 
The control section generated print cominands 
for each series of measurements at the collect 
time during the 3-scc cycle period. The control 
section obtained timing signals fro111 the time 
standard rack (fig. 7-30). Real time wvas main- 
tained to an accuracy of 2 1 0  h e c  during the 
operation, by compa~ing signals from the Loran 
C chain witli tlie.rea1-lime clock using tlie Loran 
C synchronization generator. 
Tlie system \\,as ope~atcd for a period of 111r 
and 45 mi11 on the morning of Augutt 3, 1969, 
clu~ing \vhich the laser \vas firecl 1230 times. 
The total number of apparent measured ranges 
during this peiiod \\,as 96. Tlie low number of 
returns relative to tIie number of transmitted 
pulses is related to a slight (2 sec of arc) mis- 
alinement in tlie detector optical system and 
to tlie failure of the delay pulse generator to 
operate in tlie externally programed mode. Fur- 
themiore, because returns were not immediately 
recognized, an angle search mas made over a 
longer time period. 
Tlie nieasu~ed range time could have three 
possible sources: a return from tlie retroreflector, 
a return froni the lunar surface, or random noise 
coincidence from reflected sunlight and back- 
ground. Statistically, 35 to 50 noise coincicle~iccs 
and al~l~rosimatcly 30 lunar surface ranges would 
be espected in 1200 firings. Because the nnnibers 
agree, n~itliin acceptable limits, \\,it11 tlie total 
number measured, it is not obvious that returns 
fiom the retroreilectors were mcnsurcd. How- 
ever, any leturns from thc retroreilectors should 
fall within thc precision of the system or within 
100 nsec with respect to the true range to the 
package. 
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The observed range time measurements were 
compared arithmetically wi~ith the predicted range 
time and then 'linearly corrected because of a 
known parallax error. The parallax error oc-
curred because a different site was used for the 
range predictions. The linear correction was 
performed by taking the initial range residuals 
and fitting (in a least squares sense) a first-order 
polynomial to the residuals. Then, only those 
residuals occurring within a certain range of the 
polynomial \yere used to redefine the polynomial. 
This technique \\.as used successively three times 
to generate a polynomial about which 11of the 
measured ranges had a root mean square of 45 
nsec. Furtl~cr~norc, because of the parallax error, 
the coefficients o l  the polynomial agrce with the 
exl)ccted deviations i ro~n the predicted range. 
The range residuals corrected to this linear 
equation werc used to construct a liistcgram (fig. 
7-21) with 100-nsec intervals from -5 to -1-5 
pec.  The data lying oytside of the &5 h e c  
were not displayed because no inteival contained 
more than one point and because no significant 
bunching was observed. The histogram clearly 
showvs a central peak that cannot be supported 
by any statistical interpretation other than one 
assuming returns from the retroreflector. 
Observations a t  the McDonald Observatory 
The laser in use presently is a custom-built 
two-stage pockels-cell s~vitcl~edruby system. 
Typical operating conditions were as follows: 
(1)Encrgy: 7 J 
(2) Pulse width: 20 nsec 
(3 )  Beam divergence: 3.4 mracl (measured at 
full energy points) 
(4 ) .Repetition rate: once every 6 sec 
(5)  TVavelengt11: 69-13.0 zk 0.2 A a t  70' F 
(6)  Amplifier rod di.>meter: 0.75 in. 
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. . .  
Control section Time Data printgates Line pr~nter  
Operate transmit- Transmitter 
-
The detector package contained a photomulti- 
plier that liad'a measured quantum efficiency of 
5 percent at 6943 angstroins and a dark current 
of SO000 counts per second.. l 'hen cooled by 
clry ice (as during ranging operations), tlie dark 
current was 10 000 counts per second. Spectral 
filters wit11 widths of 3 and 0.7 X were available. 
Both filters were temperature controlled. Pin- 
holes restiicting the Geld of view of the telescope 
to 6" or 9" \\,ere commonly used. An air-driven 
protective shuttcr was closed during the time of 
laser firing, opening for approsimately 1 sec 
aroiind the time lor receiving returns. The iiet 
eEcicncy of tlic whole receiver, ratio of photo- 
electrons produced to photons ente~ing the telc- 
'scope apcrturc (n~itli a 3-A filter), including 
telcscopc optics, uras mcasorcd to be  0.5 perccnt, 
using starligl~t from Vega. 
The block diagram of tlic timing clcctroiiics 
used during tlic acquisition period is shown in 
. figure 7-22. Tlie electronics consist of a multistep 
time-t~-~~ulse-lieightconverter (MSTPI-IC) for 
coarse range search covering an interval of 30 
p e c  wit11 0.5-psec bins (ref. 7-8) in addition to 
tlie core circuits formilig part of the intended 
subnanosecond timing system. Tlie initial and 
final vernier circuits of this system \\,ere not in 
use. Therange prediction providcd by J. D. hs1ul-
liolland was recorded on magnetic tape at 6-sec 
intervals. The online computcr read the range 
prediction, set tlie range gate TDG, and Iircd tlie 
laser within 1psec of the integral 6-sec epocll. Tlie 
TDG activated the h*lSTPI.IC, t~iggered a slow- 
sweep oscilloscope (the display bcing rccordcd 
on pliotogmpllic filni) and a fast-sweep oscillo- 
scope (recorded on Polaroid), and activated a 
10-peegatc into the time-inteival nicter (TIM). 
The computcr read thc number of counts in the 
TIM and calculated the ~diffcrcnce bct\veen this 
, reading and thc range prediction, printing out 
.. 
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FIGURE Block diagram, time standard system for system B at Lick Observatoly.7-20.-
this difference on the teletypewriter to the near- Moon sank too low in the sky. Operation earlier 
est nanosecond. The MSTPHC range accuracy in the night had been prevented by cloud cover. 
depended on the TDG, whereas the TIM range The randomness of the difference between the 
accuracy is entirely independent ol the TDG. TIM printout and the ephemeris prediction en- 
The first high-confidence-level return was re- abled a statistical reduction of the data even 
corded by the MSTPIIC lor a 50-shot run at without the vernier circuits designed to inter- 
approximately 2:50 Greenwich mean time polate between the 50-nsec digital intervals. The 
(G.m.t.) on August 20, 1969 (fig. 7-23). A part result is a measured round-trip travel time in 
of tile corresponding TIXI printouts is displayed excess of the Mulholland prediction by 127215 
as a histogram in figure 7-24. I-Iere, t l ~ e  origin of nsec of time at 3:00 G.m.t., August 20, 1969, from 
the time axis is at the predicted range. Tllc lower the intersection of the declination and polar axes 
histogram sl~o\\vs a porlion of the printouts for a ol the 107-in. telescope. The uncertainty corre- 
50-shot run taken a few minutes later in \vliicli a sponds to e3.5In in one-way distance. 
5-pec internal delay was introduced. (This delay Return signals \rere again recorded on Sell-
has been subtradtedin the drawing.) Noise scans tember 3 and 4, 1969, with equivalent uncer-
in \ \~ l~ ic l~  tainty.. Round-trip travel ti~ncs \verc also slio\\*n the lascr ivas fired into a calorimeter 
displayed no buildup. FOLI~ in excess of .the prcdiction by 497215 nsec on othcr scans rccordiog 
signals wcrc made in ihc 50 min betore the September 3, 1969, a t  1 1 : l O  G.m.t. and by 
FIGURE7-21. -Range residuals from system B at Lick Observatoiy. 
797-1-24 nsec on September 4, 1969, at 10:lO 
G.m.t. Duriiig these observations, Tranquility 
. Base \\,as in darkness, and the computer-con- 
trolled drive of the telescope was, used success-
fully to offset from visible craters and track tlie 
reflector. 
The Lunar Ephemeris: Predictions and  . 
l'reliminary Results 
The fundamental input to the calculation of 
predictions {or the LRRR is tlie lunar ephemeris, 
u~liich gives tlie geocentric position and velocity 
of the lunar center of mass. An ephemeris is 
being used that was developed at the Jet Pro- 
pulsion Labolatory (JPL) and is designated LE 
16. Tbis ephemeris is believed to be far superior 
in the range coordinate to any other extant 
ephemeris. Tlie available observational evi-
dence is meager but supports this belief. The 
modeling of the topocentric effects relating to 
the motions of the observatory and tlie iellector 
about the centers of mass of the rcspeclivc bodies 
is coinpleic and is similar lo that uscd i11 JPL 
spacecraft tracking p~oglams. Universal time 
(u.t.) 1 is by poly- nodel led and estm~~olatcd 
nomials fit to the instantaneous. dctermina[ions 
by tlle U.S. Naval Observatory Time Service. 
The Koziel-Mitielski model is currently being 
used for the lunar libralions. 
Coor<inates of lhe*:e!csco~e and the regector 
gackage are input variables to the prediction 
program. Refiector coordinates presently used 
are those derived at the NASA Manned Space- 
craft Center from spacecraft tracking of the 
lunar ,module, since tliis dynamic debmination 
is essentially the inverse of the predictive prob- 
-1em and is, thus, more compatible than the 
selenograpl~ic determinations. 
I t  was anticipated that the topographic model- 
ing would be the primary error source in the 
earliest phase of ranging operations. Tbis belief 
was based upon the indications from command 
and service module (CSM) tracking of Apollo 8 
and Apollo 10, both of which indicated Ll? 16 
ephemeris ersors of 40 to 50 m (0.3 psec), and is 
based on the knowledge that virious estimates 
of the selenoccntric distances of surfacelocations 
disagreed by perhaps 2 kni for a specific region. 
The decision to nse Ihe dynamic determinations 
ol the localion simpliEec1 the real-lime processes 
but did not relicve the radial distance uncer-
tainly until laser acquisition was an accom-
generator 
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plislied fact. As the current ' les t  estimate" of 
the lauding site shifted, predicted ranges were 
affected by approximately 4 km (28 ,see). Site 
coordinates for Tranquility Base provided by the 
NASA Manned Spacecraft Cenler on July 22, 
19G9, are cu~rently being used. 
Tracking information is available on both the 
CSM and the lunar module during lunar sur-
face operations. The CSh,f data indicate an 
ephemeris error not greater than 50 m. Con~puta- 
tions of predictions for comparison xvith the Lh.1 
ranging data, using the coordinates mentioned 
previously, show residuals of approsiinately 2 
Ian, wilh a drift of 0.3 itm in 15min. The expla- 
nation of this anomaly is not yet kno\vn, but i t  
FIGURE7-23.-ALSTPIIC ilicplay of AlcDona]d obscrva- SecmS to bc associaled with thc tracking slation 
tory acquisition. location. 
I 
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FIGWE7-24. -1iistogram of single-stop TIhl readings on two 
Auyst  20, 19G9,at the h<cDonnld Observatory. 
Initial acqnisition of tlie LRRR was acconi-
plislied with predictions based on tlie coordinates 
. 
. of tile Lick Observatoiy, as published in the 
American Ephemelis and Nautical Almanac. The 
Lick Observatory 120-in. telescope used in the 
experiment is actually a distance of approxi-
mately 1800 i t  from that location, causing driit 
in the observation residuals. The result of intro- 
ducing the proper telescope coordillates into ihe 
computations is shown in figure 7-25. The resid- 
uals relative to the new telescope coordinates 
appear to be given \vitllin 1rtsec. Figure 7-25 is 
provisional and subject to later refinement. 
TVilhin the limitations of figure 7-25, these data 
are consistclit \iritli the subsequent observations 
at McDonald Obsel-vatory. 
Altl~ough it is premature to discuss the data 
from the standpoint of any mcaningf~l applica- 
tion, onc aspect invitcs spccnlalion and prclimi- 
nary infcrcnce. The tbrcc indircct pseudo-obscr- 
vatiolis (mnge biases on CSM tracking data) 
Q 
successive 50-shot mns on 
0 Observation residuals 
Resolution appropriate 
to each point 
F~cunE7-25. -Result of using adjusted telescope coor- 
dinates for the Lick Observatory. The data are shown 
for August 1, 1969. 
mid the first icw laser acquisitions yield positive 
obsetvation residuals. If no obse~vatioll sclec- 
tion eIfcct is involved, this may be an indication 
that the ephcmcris scaling factor and hcnce the 
lunar mcali distance rcquircs an adjustlncnt in 
thc sevcntll place. Such a result would not be  
surprising because the unccrtninty in the scaling 
factor is five parts in 10' (ref. 7-10), based on 
r the results of Mariner spacecralt tracking. 
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Abstract Afrer s~rcces~frrl acqirisition irt Arrgrur of reflected rrtby laser prrlses 
Jroni.thc Apollo I I  I[tser ibngirig reflo-~eflector (LRRR) rvrrh the lelescopes at the 
Lick nrrd M c D o ~ ~ n l ~ l  obser vatones, repeated ,nensrrrnttents of the ron,rd-trip travel 
rirrre of ligl~t have been 111ade frortt the McDo,iald Observatory rtt September tvirlr 
ari eq~rivolc~zt !nitge p.ecisiorr of 22.5 trieters. These acqicrsrtioit perrod observa- 
fiorts deirrtiorrstmted fire perforrnortce-of the LRRR rhror~gh ltrrzar plight and dirrirtg 
.~zrrzlir,~orrditior~sor1 rhe ntoo~r. In~frrt,,tolratior1 actrvated at rlie McDorrold Observ- 
nfor), in Ocroher lros yielded n precision of 20.3  rtteter, a,td irtzproeerttertt to 
2 0.15 rneter is expected sliortly. Cortfirtirerl moniforirig of the clzange~ in tltc 
earth-rrzoolz dhrortcc n.5 rttecisrrrcd by the round-trrp tratrel tirrte of light frorn srrita- 
bly di~rribrrrrd earrlr smtioru r~ expected to confrrbtrte to our krto~vledgz of the 
enr-Ill-moort sysfrni. 
The performance ( I )  of the Apollo fore results are available. The experi- 
I I laser ranging retro-reflector (LRRR) ment had origin in discussions 
left on the moon, as well as that of among members of the experimental 
the instrumentation at the ground ob- gravitational Kcsearch group at Prince- 
servatories, has been in accord with the ton University ( 6 ) .  Because of thc 
original expeclatlons (2-5). The scien- many aleas of science and technology 
tific objectives are such that lengthy involved in the experiment, a group (7) 
analysis of a long-continuing series of was organized to ca!.ry it out. 
frequent ineasurements is required be- The compact array of high-precision 
Table 1. Lunar orbilal data parameters 
Mcan distance 
Ecccntrtctlv 
Angular pisirion oI lvloon 
With respect to pcrigce 2 x 10-*rad . 4 x 10- rad 1 
\\'llh respect to Sun 5 x 10J rad 4 x I04rild 1
- - . _T~mcnccecrary to check ptedicuons oI Brans-
Dick scalar-tensor grrtv~lational hcory 8 
-
Table 2. Lunar librotion and relalion of LRRR to center of mass. 
0.15-m Range accuracy" Presenl 
Quantity U I I C C T I ~ ~ L Y  Tmc (approximale) Uncertainty (yr) 
, . ~ ~ . . ~  
Coordi,,arrr of LRRR wirh rer"icr lo center of !?zasd 

X, . 500 1" 25 m 1 

X, . 200 m 7 m  1 

.s, 200 m 5m 3 

-..- . 
.,. 
*I.I>~CE a\\atned. iki!?tlae molnmt of inertma aboul tile principal axlr to-obs~wing\~.aicnsarc 
\vnrd tile cnrtb. II ir clic moinent nbou8 tlac pnnciz,nl a i r  tangent to the orb~t.and C a the momcnt 
nbouk tine tnmotir rocotman nxm,. Knunlcdpe of tllc ~a r ame$e r rB and 5 is important in dclerrnlning 
tlte mass dmnributnon nltlxin tlte $noon f X , .  X.. and S ,  are lnevrured along the principal *Yes 
almttt wI>!ci~8 1 ~  A ,  11 and C arc ~Icfine'lt ~ ~ ~ o ~ ~ ~ n t ~  
T.tble 3 Geophy\ic.~ldaI.3 determinnble iron) LRRR. 
--- -- . ..-. --.. --
anccr- 0.15-m Range 
5 ycau (co~/yr)- 30 to 60 

Time for obcerring prcdicled driti of 10 c t ~ l y r  

of l+.nv.lli la$%,:tnlJ:tnrn 1vc.n~) I5  lo 30 

optical retro-reflectors (cube corners) 
deployed on the moon (1, 6) is intcnded 
to aerve as.a relercncc point in incasul- 
ing precise ranges between the array 
and points on the earth by using the 
technique of short-pulse laser ranging 
Tltc atmosphertc fl~ictuations in the in- 
dex of refractioli diverge a laser b:an? 
and prevent thz spot on the moon froin 
bcing jmaller than approximately 1.6 
km in diameter Tlie curvntur* of the 
lunar surface results 111 pal t of thz short 
pulse being reflected before thc rest. 
producing-a reflected pulse mcasurcd i n  
microseconds, cven if the iiic~dent pulse 
is lneasured in nanoseconds. The retro- 
reflector array eliminates this spreading 
.because of the small size o l  the array. 
(The maximum spreading of a pulse 
because of optical libration ttpping 01 
the array wzll be approximately 2 0.125 
nsec.) In addition, the retro-reflective 
pioperty causes a much larger amount 
of light to be dirccted back to the tele- 
scope from the array than is reflected 
Iron1 the entire surface area illuminated 
by the laser beam. 
Tlie basic uncertainty in measuring 
the apploxiniately 2.5-sec round-trip 
travel time is associated with the per- 
formance of photomultipliers at the 
single photoelectron level. T h ~ s  uncer-
tainty is estimated to be approximarely 
I nsec. When the entire system is cali- 
brated and the eRects of the atmospheric 
delay are calculated from local tempera-. 
ture, pressure, and humidtty mcasure-
ments and subtracted froin the travel 
time, where the uncertainty in this cor- 
rection is estimated to be less than 0.5 
nsec, an overall uncertainty of 2 15 cm 
in one-way range seems achievable. 
The present uncertainty of three parts 
in 10' in the knowledge of thc velocity 
of light will not aRect the scientilic ninis 
of the expeiiment, since it is the practlcc 
to measure astronomical distances in 
light travel time. Primary scientific ob- 
jectrves include the study of gravitation 
and relativity (secular variation in the 
gravitational constant), the physics ot 
the earth (Iluctuatton in rotation rate, 
motion of the pole, largc-scale crustal 
motions), and the physics of the moon 
(physical librations, center-of-mass mo- 
tion, size, and shape) (2-5). Estimates 
of improvements ehpectcd in some ol 
these categories arc shown In Tables 1 
to 3. The estlm~ted unccltainty for each 
quantity is intcltded to be an upper liznit 
Reflected s~gnals from the LRRR 
were acquired 1 August (and 3 Augusr. 
with a d~ITe~e~l t  lascr spstezn) with ilic 
120-inch telescope of the Lick Obserra- 
lory (9) at Mt 1.lsmilton. Cnliloriiin, 
and 20 August witlt the 107-inch telc- 
Tablo 4. Meast~rementst the lvlcOon:~ld Ob- 
scrvatory of roond-trip 1r.tvel time during 
scqsi\ition. Tlle res!du;tl\ reprewnt lhe differ- 
eilce bctxcsn llle obser\'cd !Ime of trdrel ~ n d  
. that gredlclcd on Ihc basis of thc JPL LEI6 
eghemeris 
llcs~dual round-trip 
Day U.T travel timc 
(nsec) 
...~ .-. - .  
22 September 
~ 
04:00 -1430 C 15 
17 Odober 01:44 -798 2 15" 
18 October 01:17 -2978 -C 15' 
I November 11:40 -2034 c 15* 
16 Dccernber 01:45 -1232 C 15' 
'The present accuracy is 215 nrec tn the knowl-
c d ~ e01 lhc eleclronlc tmme delays. Upon comple-
tion of Lhc current ca!>brauon.thc accuracy wnll 
be detenniscd hy the prcrcnl overall resolut~on. 
less than t Z  nsec, Itnailed by the laser ptdre 
length and pl~olomull~pltrrrltter 
@ c o p e  of the McDonald Observatory 
Ht Mt. Locke, Texas. These ob- 
servations showed that the LRRR did 
not suffer any major degradation, if any 
at all, from debris generated during lift- 
off of the lunar module. The signals are 
consistent with the return expected from 
the LRRR design, within the uncertain- 
ties of atnlosphcric "seeing," telescope 
transmission, and other optical losses. 
Continued acquisition pcrtod mcasure-
ments at McDonald in September (lo), 
d e n  tviih rhe iz:ri2! ~Sseruations, h-ve 
demonstrated the successful perform-
ance of the LRRR at several sun il-
lumination angles, as well as during and 
after a lunar n~ght. conf~rming the pre- 
TIME-Oi-OAI 
CLOCK 
ENCODER 
(.lo) ;. 
diction 01 t!terin;~l d e w y  analyst\ 
A firs1 "geodetic ~esult" Iron] the 
acqu~sit~onobservations at Lick (9)  was 
the discovery, lrom the drilt 01 the re- 
sidual round-trtp travel tlmc w ~ t h  respzct 
to the JPL lunar ephemeris 16 (LE16) 
predictions. that the coordinates for the 
120-inch telescope are not those given 
for Mt. Hamtlton (Llck Observatory) 
in the Arr~e,icnn Ephenieris nrrd Nnrrrr- 
cal Alrrmriac (9a).The Lick Observa- 
tory participated in the acquisition 
phase of the experiment to increase the 
probability of getting early returns. The 
weather and seeing are generally escel- 
lent there in the summer. Laser ranging 
activities ceased at Lick in Augu~t .  
In October a custom-built four-stage 
ruby laser, made by Korad, was installed 
at the McDonald Observatory. This laser 
was built to specifications developed for 
long-term precision measurements in the 
lunar ranging experiment. The pulse 
length is produced by a time-vary~ng 
reflect~vily mode of operation itnd can 
be as short as 2.8 nsec, although a more 
typical value is 4 nsec. It transmit? 5 
joules with a beam divergence (full 
width) of 1 4 n~radian at a repetillon 
rate capability of one shot every 3 sec-
onds. At  the same time, vernier liming 
hrcoits (11-13) shown schematically in 
Fig. 1 wcre activated. This instrumenta- 
tion allows a resolution unqertainty of 22 
nsec on each measured return. The ac- 
curacy depends on thorough calibration 
of all electronic delays. This will be corn-
COVMlViO 
RlihGE DELXY 
ST7 GENERIIIOR 
0 In$ec PROCESSOR 
ACCVUULiiTOR 
SREOUENCY ITkNDbRD 
.",v 
1WD COUP-ATOR 
LASLP 50n1.t L L1.SL" 
OUTPUT "CTVRli 
Fig 1. Kcpresentalion of the n;tnoseeonr;-rcsoltttion lime-interval me:!surcmcnl cystern 
now in use at the hieDonald Observstu~g. Spcaal circu~ts cluoindle any --I count un-
certainly in the 20-hlhz, dlgilally me~su~cd  The vernier components are lime interval 
to p t ~ l ~ e  hcight convertclr. 
pletcd 5oon to thc  I -n~cc  level The tneo- 
surements m.lde I I I  Ocloher. Novc~nbcr. 
and Dccembcl.. and, wh~ch . t ~ c  .\hoirrn in 
Table 4. ~ t l l lhave ;I calibrdl~on i ~ ~ ~ c c t -  
tamty in accuracy of 21.5 nsec. Thcse 
later nlcas~~remellls .trC stlb~ect o ret l~c- 
lion of the accuracy uncertainty llpon 
completion of the final cal~bration. 
As more experience 1s gained in the 
use of the new 107-inch McDon.tld 
telescope, the goal 1s lllrec mcasuremenl 
periods daily Each peliod \vbuld last 
about 15 minutes. en.tbling several hun- 
dred laser shots to be fired: the periods 
would be scheduled near the time of 
meridian crossing, several hours belore. 
and several hours afier. 
From these measurements. one can 
obtain the minimum range and IU epoch 
of occurrence. Harmontc analys~s ol this 
range time series will permit the deter- 
minat~on of thequmt~ties listed in Tables 
I through 3. 
In order to satisfy all the sc~ent i l~c  
aims of the experiment. it 1s hoped that 
more U.S. and foreign ground st a t. lons 
can be establ~shcd to catry out ~eg{tlat 
precision ranging to the LRRR. The 
deployment of several more LRRR's on 
the moon would ailow a more detailed 
study of the lunar physical librauons. 
independent of ally mode!. One of these 
s:lould be desig~led to glve ;I larger re- 
turn than the Apollo 1 1  LRIIR, so as 
to allow partlc~pation in the ranging 
program by smaller telescopes. 
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Lunar Laser Ranging Experiment: curcent Results and Future Plans 
2 	 3c 0. ~ l l e y ' ,  P. L. Bender , D. G.  c u r r i e l ,  R. H. Diclce ; J. E. 
7
~ a l l e r 4 ,IJ. M G. 	 J. D. blulholland ,~ a u l a ~ ,  3 .  F. M a c ~ o n a l d ~ ,
H. 	 H. plotkin', E. C. s i lverberg9,  and D. T. TJilkinson3 
Several  hundred range determinations have been made of the point  
to  point  dis tance between the McDonald Observatory i n  Nest Texas and 
the Laser Ranging Retro-Reflector l e f t  a t  the Tranqui l l i ty  Base by the 
Apollo il astronauts .  Measurements a r e  being made rout inely on a regular 
and frequent schedule averaging about twelve t o  f i f t e e n  measurement periods 
per  month. The precis ion of the measurement of the  time of f l i g h t  i s  about 
one nanosecond with an accuracy of about two nanoseconds (equivalent t o  
t h i r t y  centimeters i n  the  one-way dis tance) .  
The accompanying p l o t  of raw time of f l f g h t  res iduals  with respect 
t o  the  JPL LEI6 lunar ephemeris as a function of epoch of l a s e r  f i r i n g  
shows the r e s u l t s  of a good run of F i f ty  shots .  The bas i c  uncertainty 
per  shot  i s  + 2 nanoseconds due t o  the l a s e r  pulse width of 4 nanoseconds. 
A j i t t e r  of about + I nanosecond i s  inherent i n  the photomultiplier tube 
i n  current use. The s t a t i s t i c s  of such a run support a precis ion of.? 1 
nanosecond. The accuracy quoted above i s  the current l e v e l  of cal ibrat ion 
- . 	The d r i f t  i n  the  res iduals  during t h i s  run i s  due  to  the  use of incor rec t  
geocentric coordinates f o r  the  McDonald Observatory. 
The accompanying histogram displays the baclcground noise  f o r  the  
same run of f i f t y  shots.  The accompanying l i n e  drawing shoiis the op t i ca l  
arrangement a t  the observatory. A br ie f  descr ipt ion of the  aims and tech- 
niques of the  experiment is contained i n  Science, Vol. 167, pp. 458-460, 1970. 
S igni f ican t  adjustments t o  the eccent r ic i ty  of t he  moon's o r b i t  and 
t o  e i t h e r  i t s  mean dis tance o r  t o  one r e f l ec to r  coordinate appear to be 
indicated by the preliminary analysis  of the data through June 1970. Anal-
y s i s  of the  trrenty-four hour period terms i n  the  range res iduals  ind ica tes  
rough agreement with t he  presently avai lable  geocentric coordinates f o r  t he  
McDonald Observatory. Ful l  appl icat ion of the l a s e r  ranging technique f o r  
the  establishment of;geocentric coordinates requires  the  measurement of the 
polar motion which r u i . 1 1  on1i be possi,ble when severa l  more s t a t i o n s  a r e  op- 
e r a t ing  with comparable precision i n  wel l  d i s t r i bu ted  ear th  locat ions .  
Ground instrumentation has been.prepared by groups i n  France, the 
USSR, and Japan, and the poss ib i l i t y  of par t ic ipa t ion  is being discussed 
with  s c i e n t i s t s  i n  a number of other countries.  The Air Force Cambridge 
Research Laboratory i n  the  United S ta t e s  has developed instrumentation 
and the  Smithsonian ~ n s t i t u t i o n  i s  engaged i n  such development. 
The French-made Laser Ranging Retro-Reflector placed on the moon 
by the Soviet  Luna 17 i n  the  western p a r t  of Nare Imbrium emphasizes the  
i n t e rna t iona l  aspect of the  lunar ranging program. A second U.S. L R ~w i l l  
be car r ied  to  the Fra Mauro region by Apollo 14 and a t h i rd  U.S. r e f l e c t o r  
having three times the number of corner r e f l ec to r s  as the Apollo I1 and 14  
L R ~ ' Si s  planned f o r  the  Apollo 15 landing i n  the area near Hadley R i l l e .  
These addi t iona l  r e f l e c t o r  s i t e s  on the moon w i l l  allow the d i r ec t  measure- 
ment by l a s e r  ranging of a l l  the ro t a t i ona l  moti-ons associated with the 
physical  l i b r a t ions .  The -larger L R ~w i l l  a l so  allow a l a rge r  number of 
observator ies  t o  pa r t i c ipa t e  i n  the lunar l a s e r  ranging program. 
Recent developments i n  l a s e r s ,  timing techniques, and i n  the  knoii- 
ledge of atmospheric correct ions  ind ica te  t ha t  an accuracy of b e t t e r  than 
three  centimeters can be achieved i n  lunar l a s e r  ranging. 
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The e f f e c t i v e  ape r t u r e  and t h e  subape r tu res  of  
a  r e t r o r e f l e c t o r  f o r  normal inc idence  of  l i g h t .  
Fig. 5 
Three-dimensional i l l u s t r a t i o n  of ray- t race  i n  a r e t r o r e f l e c t o r .  
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rne s.mc nb ~ l g u r ~15 c*cept the po~ariiarsooof ligllt is circular. 
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Fig. 18 
Namalized c en t r a l  irradi-lnce i s  p lo t t ed  ;ersus 0 for $ = 0'. The depth of 
the depresn~on is exprcs;+d i n  the unxt of the diameter o f  the front face. 
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A l i m i t  on the angle of incidence i s  imposed on a  so l id  re t ro-  
r e f l ec to r  with uncoated back surfaces because of the possible f a i l u r e  
of t o t a l  ref lect ion.  An expression i s  deriyed for  the  c r i t i c a l  angle 
of incidence as a  function of the  index of re f rac t ion  and the azimuth 
angle. The c r i t i c a l  angle is the angle a t  which the t o t a l  r e f l ec t ion  
i n i t i a l l y  f a i l s .  
The index of re f rac t ion  must be greater  than a = 1.23 i f  
we intend to u t i l i z e  the t o t a l  re f lec t ion  i n  a  re t roref lec tor .  On 
the other extreme, i f  the  index of re f rac t ion  is grea te r  than 
J(3 + 45) = 2.18 the r e t ro re f l ec to r  w i l l  r e t a i n  i t s  re f lec t ing  
property a t  al-1 angles of incidence. 
I n  the range - N -< 6the expression under the rad ica l  
sign i n  Eq. (8) i s  always non-negative therefore s i n  Bc  i s  always r ea l ,  
which is a f ac t  supported by the geometrical analysis tha t  the  cones 
i n t e r sec t  each other.  
A .geometrical inspection on the cones of f a i l u r e  reveals tha t  
s i n  B c  is a monotonic function of $ with its smallest  value a t  $ = 0" 
and i t s  l a rges t  a t  $ = 60". Now we s h a l l  prove t h a t  e c , i s  always l e s s  
than BL i n  the  range J3/2 < N < 6;the  f a i l u r e  of t o t a l  re f lec t ion  
occurs before the effect ive aper ture  vanishes and the l i m i t  on the angle 
of incidence i s  8, alone. 
The l a rges t  B c  is given by Eq.(8) as  
/2 ' - -
s i n  e (+ = '600) = (fi-1 - h - ~ ? ) .
C (10) 
Comparing Eq. ( lo) .with Eq. ( 9 ) ,  we obtain 
r :s i n  8 (+=60°) / s i n  e 
c L N (11) 
Since Eq. (11) ind ica tes  t ha t  r = 1when N = fi and dr/dN > 0, i t  i s  cer-
ta in ly  t rue tha t  r < 1 i f  N .r b 5 .  Consequently, 8, < BL fo r  < N c fi 
. . 
and eL = 8, a t  .+ = 60° when N. = fi.. 
The e a r l i e r  geometrical analysis indicated tha t  there should be a 
cer ta in  range i n  $ where no f a i l u r e  of t o t a l  re f lec t ion  can occur. The 
mathematical manifestation of t he  s i t ua t ion  i n  Eq. (8) i s  tha t  s i n  8 
C -
becomes comp3ex~because the elipression under the rad ica l  sign becomes 
negative when 60" > + 2 + where +o = sin-'(~3/2/N) . 
.Comparing s i n  eL with s i n  e a t  + = +o $or the case of N 6,we C 
f ind tha t  8~ is l e s s  than 0 ,  a t  + = $O. The implication i s  tha t  the angle 
e becomes the l i m i t  even before @ reaches 4,. The exact angle $ a t  which L 
B L  = 8, can be evaluated by equating Bq.(8) t o  Eq. (9) and solving 
I 
for  $. 
I f  N > J?, Eq.  (9)  indicates  t ha t  the e f f ec t ive  aperture does not 
vanish; therefore the l i m i t  on the angle of incidence is imposed by the 
ultimate l i m i t  of 90' .or  Bee 
The condition that  a re t roref lec tor  re ta ins  i t s  re f lec t ing  prop-. 
e r t i e s  a t  a l l  times i s  N -> m. The condition i s  obtained fro; Eq. (8) 
by s e t t i ng  $ to  0' and s i n  8, = 1. 
The c r i t i c a l  angle Bc combined with BL as the  overal l  l i m i t  on the 
angle of incidence i s  p lo t ted  as a function of $ for  various N i n  Figure 3. 
The region below the curve i s  the region i n  which a re t roref lec tor . reca ins  
i t s  xeflecting properties.  
I V .  CONCLUSIONS. 
We have obtained the c r i t i c a l  angle of incidence as a function of N 
and #. The c r i t i c a l  angle increases monotonically f o r  increasing 4 and N. 
The minimum value necessary f o r  the  index of refract ion is i f  a retro-
r e f l ec to r  with uncoated back surfaces i s  t o  re ta in  i t s  re f lec t ing  properties. 
The in t e rna l  t o t a l  re f lec t ion  f a i l s  a t  a l l  times when N < m. 
We a lso  found tha t  there was a range of 4 where the i n t e rna l  reflec- 
t ion does not  f a i l  i f  N > fi; the  l i m i t  on the angle of incidence i s  then 
the vanishing of the e f fec t ive  aperture.  A r e t ro re f l ec to r  can be used even 
for  the  90" angle of incidence for  a cer ta in  range of 4 i f  N > 6 and for  
a l l  g i f  N > M. 
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FIGURES 
1 (a).  
( b ) .  
(c). 
A geometrical representation of a re t roref lec tor .  
Cross-section of a re t roref lec tor  i l l u s t r a t i n g  the 
f a i l u re  of t o t a l  re f lec t ion  a t  some'angle 
jof incidence. 
I l l u s t r a t i on  showing the disappearance of the 
e f fec t ive  aperture.  
. 2. The cones of f a i l u r e  f o r  various values of the 
index of refraction.  
3. The l i m i t  on the angle of incidence plot ted as 
function of azimuth angle f o r  d i f fe ren t  
values of the index of refract ion.  
a 
Fig. 3 

The l i m i t  on the angle of incidence p lo t ted  as  a function of azimuth 
,
'ar,&le fo r  d i f f e r en t  values of the index of re f rac t ion .  
ABSTRACT 
Three aluminized 1-1/2" r e t ro re f l ec to r s  have been tes ted i n  the 
laboratory for  t h e i r  op t ica l  quali ty.  The d i f f rac t ion  patterns from 
the retrore.flectors a r e  presented i n  comparison v i t h  the  Airy pat tern 
from a f l a t  mirror. These r e t ro re f l ec to r s  are  now i n  current use i n  
the 107" telescope for  the purpose of pointing the telescope pre- 
c i se ly  a t  the  l a s e r  ranging r e t ro re f l ec to r  array on the moon. 
